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ABSTRACT 
Plasmon Hybridization in Complex Metallic Nanostructures 
by 
Feng Hao 
With Plasmon Hybridization (PH) and Finite-Difference Time-Domain (FDTD) 
method, we theoretically investigated the optical properties of some complex metal-
lic nanostructures (coupled nanoparticle/wire, nanostars, nanorings and combined 
ring/disk nanocavity systems). 
We applied the anayltical formulism of PH studying the plasmonic coupling of a 
spherical metallic nanoparticle and an infinite long cylindrical nanowire. The plasmon 
resonance of the coupled system is shown shifted in frequency, which highly depends 
on the polarization of incident light relative to the geometry of the structure. We also 
showed the nanoparticle serves as an efficient antenna coupling the electromagnetic 
radiation into the low-energy propagating wire plasmons. 
We performed an experimental and theoretical analysis of the optical properties of 
gold nanorings with different sizes and cross sections. For light polarized parallel to 
the ring, the optical spectrum sensitively depends on the incident angle. When light 
incidence is normal to the ring, two dipolar resonance is obeserved. As the incident 
light is titled, some previously dark mulipolar plasmon resonances will be excited as 
a consequence of the retardation. 
The concept of plasmon hybridization is combined with the power of brute-force 
numerical methods to understand the plasmonic properties of some very complicated 
nanostructures. We showed the plasmons of a gold nanostar are a result of hybridiza-
tion of the plasmons of the core and the tips of the particle. The core serves as a 
nanoantenna, dramatically enhanced the optical spectrum and the field enhancement 
of the nanostar. 
We also applied this method analyzing the plasmonic modes of a nanocavity struc-
ture composed of a nanodisk with a surrounding nanoring. For the concentric combi-
nation, we showed the nature of the plasmon modes can be understood as the plasmon 
hybrization of an individual ring and disk. The interation results in a blueshifted and 
broadened superradiant antibonding resonance and a redshifted and narrowed sub-
radiant bonding plasmon. The electric field enhancement of the subradiant mode is 
significantly larger compared with its parent plasmon modes. For the nonconcentric 
ring/disk nanocavity, we showed the symmetry breaking caused the coupling betweem 
different multipolar plamons which results in a tunable Fano resonance. We also show 
the subradiant and the Fano resonances could be particularly useful in the LSPR and 
SERS sensing applications. 
In the thesis, we also presented an efficient dielectric function of gold and silver 
that is suitable for the FDTD simulations of the optical properties of various nanopar-
ticles. The new dielectric function is able to account for the interband transition in 
gold and silver, and provides more precise calculations of the optical spectra compared 
to the Drude dielectric function that is normally used previously. 
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Chapter 1 
Introduction 
Plasmons are a quasi-particle description of the collective oscillations of free elec-
tron density in metals. In free electron jellium model, the plasmon is oscillating in a 
frequency determined by the electron density no, which is also know as the bulk plas-
mon frequency U>B = v/47rnoe2/me [1]. Surface Plasmons (SPs) are those confined at 
the interfaces between metals and dielectrics or vacuum, which normally oscillate in 
a lower frequency. For an infinite planar surface, the SP frequency is LOS — U>B/V^- In 
1957, Ritchie theoretically examined the energy loss of fast electrons passing through 
a thin metallic film[2], where he predicted the existence of SPs, which is proved later 
by Powell and Swan's experiments [3, 4]. 
Besides bombardment of fast electrons, SPs can also be exicted by shedding light 
on metallic nanostructures. The electromagnetic waves will be strongly scattered and 
absorbed by the metallic nanostrucutre when its frequency match with the resonance 
frequency of the SPs on the structure. By varying the size and geometry of the nanos-
tructre, the plasmon resonances are highly tunable in a wide spectrum spanning from 
the visible down to the middle infrared regime. The rapid advancement of nanotech-
nology in the end of last century enables people to precisely fabricate and characterize 
all different kinds of structures in nanoscale, which creates a rich playground for study-
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ing SPs. Numerous novel nanostructures and devices have been created and charac-
terized since then with either chemical or lithographic techniques[5, 6, 7, 8, 9, 10, 11]. 
This growing interests on interactions between Surface Plasmons and EM waves breed 
a fast emerging discipline in the past decade named "Plasmonics"[12], attracting a 
wide spectrum of scientists including physicists, chemists, material scientists and even 
biologists pouring into the field. 
One attraction comes from the rich physics contained in the plasmonic systems. 
Thomas Ebbesen and his coworkers found when illuminating a foil with millions of 
microscopic holes, the transmitted light is more intense than they expected. They 
called this phenomenon "The Extrodinary Optical Transmission", which they found 
is related to the excitation of SPs on the foil[13]. Another example would be the 
Electromagnetic Induced Transparency (EIT), a quantum coherent nonlinearity in 
atomic physics, which renders a medium transparent over a narrow spectral range 
for the "probing light" while the medium is also shedded by a secondary "pumping 
light". The similar phenomenon also appears in plasmonic systems[14, 15, 16, 17], 
where a dark plasmon resonance couples with a bright plasmon mode, and launches 
a Fano-type interference between them, which results in a decreased scattering in a 
narrow range of the optical spectrum. We will discuss this in details in Chapter 6 by 
taking a example system of nonconcentric nanocavities. 
Other interests for plasmonics roots from its promising applications covering a 
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broad range of disciplines. Electrical engineers and computer scientists are interested 
in using metallic nanowires as the next generation of interconnects in CPUs[18]. Con-
ventional copper electrical interconnects are now becoming a major bottleneck for 
the IC industry because it can not support the drasticly increased demands for in-
formation transportation as the circuits are scaled smaller. Optical fibers are good 
alternative candidates because of its high transportation speed, nevertheless, limited 
by the diffraction, they can not be made smaller than half of the light wavelength, 
several hundreds nanometer approximately, which will make the device quite bulky 
compared to the typical dimensions of tens of nanometers in modern electronics. 
Plasmonic interconnects solve the problem by combining together the high capcity 
of optics and the miniaturization of electronics. For the extended metallic films or 
nanowires, nonradiative SPs are not capable to directly couple with the electromag-
netic radiations. In Chapter 2, we presented a general approach to couple light into 
the propagating wire plamsons using a nanoparticle as antenna. 
Beyond computations, Bioengineers found the applications of plasmonics in cancer 
therapy. Here at Rice Univeristy, Naomi Halas and Jeniffer West injected nontoxic 
gold nanoshells into the bloodstream of mice with cancerous tumors. Nanoshells are 
spherical nanoparticles made of silica core coated with a thin layer of gold. By con-
trolling the thickness of the gold film, the plasmon resonance can be tuned to the 
near-infrared frequency. The nanoshells aggregated over the tumor, and efficiently 
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absorbed the radiation energy of the infrared illumination, which can penetrate the 
mice body. The photothermal heating killed the cancer cells while leave the surround-
ing healthy cells unharmed. 
Chemists found plasmonics interesting because of its prosperous applications in 
sensing. As plasmons are resonating with incoming electromagnetic waves, the local-
ized charges on the metal surface will dramatically enhance the elelctric field nearby. 
The amplitude of E field can be amplified more than 100-fold in some cases, which 
leads them efficient platforms for Surfaced-Enhanced spectroscopies, such as Surface 
Enhanced Raman Spectroscopy (SERS) and Surface Enhanced Infrared Absorption 
(SEIRA). Regular Raman Spectroscopy identifies molecules by probing the frequency 
shifts of the inelastically scattered photons from them. The cross section of the Raman 
scattering is very low, which makes it not applicable in most situations. However,if 
molecules are adsorbed on metal surfaces, The intensified near field can drastically 
amplify the Raman signal with an enhancement factor proportional to EA, which 
means more than 108-fold amplification for the Raman cross sections. The tech-
nique can be used for detecting very diluted molecules, even for a single molecule 
detection[19, 20]. Localized Surface Plasmon Resonance (LSPR) is another method 
utilizing plasmons for sensing purpose[21, 22]. The optical spectrum of a noble metal 
nanoparticle is highly sensitive to its local dielectric environment. By mointoring 
the LSPR shift of the optical spectrum, the presence of the targeted molecules can 
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be detected. In Chapter 4, 5 and 6, we will introduce some typical nanostructures 
applicable as sensing substrates. 
Many other fascinating applications of plasmonics have been proposed in the past 
decade. Metamaterials built with millions of identical subwavelength structures al-
ligned periodically show some incredible optical properties that are usable for making 
superlenses and even invisible cloaking devices[23, 24, 25]. Recently scientists in 
Australia have demonstrated using plamonic nanorods to create a kind of "five di-
mensional" discs with huge storage capacities [26]. With the other two dimensions 
of "color" and "polarization" besides the normal three dimensions of space, the new 
plasmonic discs are able to provide 2000 times of storage ability of current DVDs. 
The field of plasmonics received another boost from the theoretical side. Rapid 
growth of computational power enable researchers to fully simulate the electromag-
netic fields generated by plasmonic effects. Numerical algorithms likes Finite-Difference 
Time-Domain (FDTD), Finite Element Method (FEM) and etc. solve the Maxwell's 
equations with brute force by discretizing the space and time, which can accurately 
model nanostructures with almost any complexity. The advancements in numeri-
cal simulations facilitate experimentalists testing and optimizing nanodevices before 
they actually synthesize or fabricate them, but the nature and origin of these plasmon 
modes are still not very clear. 
In 2003, Prodan and Nordlander developed a new theory of plasmons, called 
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"Plasmon Hybridization" (PH) to view the physics in a brandnew perspective[27, 28]. 
Like how electron states of atoms hybridize with each other to form the orbitals of 
molecules, plasmons of a complex nanostructure are also the hybridized results of the 
primitive plasmons associated with its elementary surfaces. The new insight gives a 
good guidance for people to better design and control the plasmonic devices. Nev-
ertheless, the rigid analytical formulations of PH can only apply for limited amount 
of highly symmetric geometries. It becomes powerless when encountering the messy 
real world. In this thesis, we show a general approach, "Numerical Plasmon Hy-
bridization" , to analyze and understand the plasmonic physics of some very complex 
structures by combining the powerful numerical tools like FDTD with the insightful 
beauty of Plasmon Hybridization. 
The thesis will be organized as follows: In Chapter 2, we use the analytical for-
mulation of Plasmon Hybridization investigating the electromagnetic coupling of a 
spherical nanoparticle with an infinite thin metallic nanowire. In Chpater 3, we pre-
sented an improved dielectric function of gold and silver for FDTD that can calculate 
more accurate optical spectra and electromagnetic fields of nanoparticles. In Chap-
ter 4-6, we study the plasmonic properties of some complex nanostructures with the 
Numerical Plasmon Hybridization approach, including gold nanostars (Chapter 4), 
nanorings (Chapter 5) and ring/disk nanocavities (Chapter 6). Especially in the 
second section of Chapter 6, we study the Fano resonance induced by symmetry 
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breakings of the nanocavity. We also discuss the tunabilities of these structures and 
their applications in SERS and LSPR sensings. After the conclusions for the thesis 
in Chapter 7, we showed the derivation of the Lagrangian for the nanosphere/wire 
system in the appendix A. 
Chapter 2 
Nanosphere and thin metallic nanowire 
2.1 Introduction 
The optical properties of metallic nanostructures continue to be of both funda-
mental and technological interest. The strong electromagnetic field enhancement for 
resonant excitation of surface plasmons can be used in surface enhanced spectro-
scopies such as Surface Enhanced Raman Spectroscopy (SERS) for efficient chemical 
and biological sensing. [29, 30, 31, 32, 33] Plasmonic waveguides based on metallic 
and metallodielectric components are being investigated as possible nanophotonic 
interconnect solutions in future integrated circuits. [34, 35, 36, 37, 38, 39, 40] 
The coupling of light to extended homogeneous structures is normally prevented 
by the momentum mismatch of photons and surface plasmons. To enable efficient 
coupling, the symmetry of the waveguide must be broken. Recently it has been 
demonstrated that an efficient coupling of light into cylindrical waveguides can be 
accomplished using crossed wire structures or radially symmetric photo conductive 
antennas. [41, 42] 
In this paper we investigate the feasibility of using individual nanoparticles as a 
means of coupling light into thin wire plasmons. Using the plasmon hybridization 
method,[28] we calculate the plasmonic structure of a nanosphere in the proximity 
of a thin metallic wire. The plasmonic structure is shown to be similar to that of 
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a nanoparticle outside a metallic film. [43] The discrete plasmons of the nanosphere 
hybridize with the continuum of wire plasmons and form both localized plasmons 
consisting primarily of discrete nanosphere plasmons and broad virtual plasmon res-
onances in the continuum of wire plasmons. The energy of the virtual resonance can 
be tuned by changing the ratio of the radii of the wire and the nanoparticle. In the 
limit of a thin wire, the virtual plasmonic state is redshifted into low energies where 
the damping is reduced and plasmons can propagate with low attenuation. 
2.2 Theory 
In the plasmon hybridization method the plasmons are treated as incompressible 
deformations of the conduction electron gas confined by the positive background 
charge of the metal ions of the nanoparticles.[27, 28] The plasmons of the interacting 
system are expressed in terms of primitive plasmons associated with the elementary 
surface of the nanostructure. The energy scale is set by the bulk plasmon frequency 
UB = J4imee2/me of the metallic nanoparticles where ne is the conduction electron 
density and me is the effective mass of the conduction electrons. We will assume that 
both the sphere and the wire are gold particles with UB = 4.6eV. 
The geometry of the present system is illustrated in Fig. 2.1. The primitive wire 
plasmons can be expressed in terms of a scalar function r), which for an infinite 
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Figure 2.1 The black curves show the dispersion relation for the nanowire plasmons 
for different m!'. The energy increase with m'. The yellow lines shows the discrete plasmon 
energies of a sphere for multipolar indices 1 = 1 — 3. The schematic below the curves 
illustrates the geometry of the structure. 
cylindrical nanowire of radius a, takes the form: 
Vwire = J T ^ E fdkAk,ml(t)eikzeim^Iml(ka), (2.1) 
where a, (ft1, z are cylindrical coordinates of the wire and Im' (and Kmi) are modi-
fied Bessel functions. Using renormalized quantities, [43] the Lagrangian for the wire 
plasmon can be expressed as: 
uk,ml^Lk,m') (2.2) 
where Ak>m' is the amplitude of the primitive plasmon associated with the cylindrical 
nanowire, and 
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is the dispersion relation. The wavevector k is in the direction along the wire 
and the azimuthal index m! denotes the angular symmetry of the wire plasmons. 
The plasmonic structure of the individual nanowire and nanosphere particles is il-
lustrated in Fig. 2.1. For large k, the energies of the wire plasmons approach the 
surface plasmon energy u>sp — U>B/V2- The energy of the m' — 0 wire plasmon varies 
continuously from zero to usp. The discrete plasmon modes of a nanosphere are char-
acterized by multipolar index I and azimuthal orientation m and their energies are 
The Lagrangian of the interacting system can be written as: 
-^
 =
 2-^(Sim ~~ UsjSim) + Z> / dk{Akm, - cokm,Akm,) 
l,m m' 
~ EE/<m 'SL^'- (2-4) 
l,m m' 
where Si>m and Akim> are the amplitudes of the primitive sphere and wire plasmons 
and V^1' is their interaction energy. The interaction energy can be expressed as: 
v^' = const. J dnalm(n)<pkm,(n), (2.5) 
where cr;m(Q) is the surface charge induced by the primitive sphere plasmon Sim and 
<f>km'i!^) is the electrostatic potential associated with the primitive wire plasmon A^m>. 
2.3 Results and Analysis 
The Lagrangian describes a localized impurity interacting with multiple con-
tinua and is structurally equivalent to the spinless multi-channel Anderson model. [43] 
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Figure 2.2 Schematics showing the hybridization of the continua of wire plasmons with 
discrete sphere plasmons for the three different polarizations shown in the insets at the 
bottom of each panel. The density of states of the wire plasmons pm'(u) is shown for 
ml — 0 (blue) and m! — 1 (red). The effective continuum pV2 is shown for m' = 0 (dark 
blue) and for m' = 1 (orange). The resulting hybridized plasmons are shown in black with 
lines indicating localized states and semicircles indicating virtual states. The dashed red 
lines indicate which states interact. 
The crucial parameter describing the interaction regimes is the effective continuum 
/9TO'(co>)|V '^|2(c<;), where pm> is density of states of the wire plasmons of azimuthal 
symmetry m! as a function of energy. In Fig. 2.2, we schematically illustrate the den-
sity of states and the effective continua for m' = 0,1 for / = 1 and the three different 
polarizations of the sphere plasmons. The figure shows that the interaction depends 
on polarization. 
In Fig. 2.3, we show the calculated optical dipolar absorption spectra for the three 
possible polarizations of incident light. The major feature of each spectrum is the 
localized plasmon resonance around 2.65 eV. For all polarizations, a virtual resonance 
is observed in the m! > 1 wire plasmon bands around u>$p = 3.3el/. For A and C 
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Figure 2.3 The absorption spectra of nanoparticle/thin wire system with R = 25nm, 
a = 2nm, Z — 2nm for different polarization of the incident light: Dashed lines (A-
polarization), Dot-dashed lines (B-polarization), Dotted lines (C-polarization). The solid 
line is the optical absorption for an isolated nanosphere. Panel a) shows the absorption on 
a logarithmic scale over a wide range of frequencies using a damping parameter of O.OSeF. 
Panel b) is a close up on the absorption around the localized plasmon using a very small 
damping parameter of 0.005eF. 
polarizations, a virtual plasmon resonance is induced in the m' = 0 continuum at 
low energies around 0.6 eV. The cross section for excitation of the virtual state is 
around 10 - 4 of the cross section for excitation of the isolated nanosphere. As for 
the film system, [43] the energy and intensity of the virtual plasmon resonance can be 
tuned by changing the geometry of the system. The energy of the resonance can be 
redshifted by decreasing the ratio a/R and the intensity can be increased by decreasing 
Z/R. Figure 2.3 shows that the plasmonic structure of the system depends strongly 
on polarization. The interactions are strongest for A-polarization where the surface 
charges of the sphere are in close proximity Z to the wire. B-polarization results 
in the weakest interaction with sphere surface charges induced at a distance around 
SO 2.62 2.64 2.66 2.68 
Plasmon Energy [eV] 
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Figure 2.4 Electric field enhancement near the sphere/wire system calculated from 
FDTD with periodic boundary conditions for A-polarization. The upper panel is for A = 
398nm and the lower panel is for A = 1634nm. The geometry of the system is R — 25nm, 
a — Anm, and Z — Anm. The PBC unit cell is 125nm. The dielectric function is Drude 
with LOB = 4.6 eV and a damping of 6 = 0.2 eV. 
\/2R from the wire. C-polarization results in an intermediate strength interaction 
with the sphere surface charges at a distance around R from the wire. The reason the 
localized plasmon is more redshifted for B-polarization than C-polarization is that 
for B-polarization, there is no interaction between the / = 1 sphere, plasmon and the 
low energy m' = 0 wire plasmon band compensating the downward shift of the I = 1 
level caused by the interaction with the m' > 1 bands. 
In Fig. 2.4, we show the results from Finite Difference Time Domain (FDTD) 
calculations[44] using Periodic Boundary Conditions (PBC) of the electromagnetic 
field enhancements of the system for resonant excitations of the high energy m! — 1 
virtual state and the low energy m' = 0 virtual state. The field enhancements are 
denned as the amplitude of the electric field normalized by the amplitude of the 
15 
incident electric field. The figure clearly illustrates the coupling between the discrete 
nanosphere plasmons and the continuum of wire plasmons. The m' = 1 virtual state 
is not of interest in nanophotonic applications since it would be strongly damped. 
2.4 Summary and Conclusions 
In conclusion, we have calculated the plasmonic structure of the metallic nanosphere/thin 
wire system. The optical properties of the system are shown to be very sensitive to 
the polarization of incident light. We have shown that for a thin wire, a low energy 
virtual state mainly consisting of delocalized wire plasmons can be induced by the 
interaction with the nanosphere. The nanosphere can thus serve as a nanoantenna by 
coupling incident light into propagating thin wire plasmons. The virtual state can be 
tuned into low energies where damping is reduced by simply decreasing the ratio of 
the wire radius to the nanoparticle radius. This study provides a general approach for 
the efficient coupling of light into subwavelength plasmonic waveguides via nanopar-
ticles " nanoantennas" and is highly relevant for the development of light-on-a-chip 
nanophotonic systems. 
Chapter 3 
Efficient dielectric function of gold and silver for 
FDTD 
3.1 Introduction 
The optical properties of metallic nanoparticles is a subject of considerable current 
interest. Their optical properties are determined by their plasmon energies, which 
can depend strongly on shape and composition of the nanostructure[45, 46]. Recent 
advances in nanofabrication methods have enabled the synthesis of nanoparticles of 
a variety of shapes and functionalities [47, 9, 48, 49], 
The Finite-Difference Time-Domain (FDTD) method is a powerful computational 
technique which is widely used to calculate the optical properties of nanostructures. [49, 
44, 50]. The major advantage of the FDTD method compared to other methods is its 
ability to provide a full spectrum in a single simulation by propagating a short pulse 
in the time domain. Thus to describe realistic materials, the frequency dependent 
dielectric functions of the constituent materials need to be modeled in an analytical 
form, then transformed into the time domain. For metals such as Au and Ag, a 
frequently used form is the Drude model (DM) [44]. The DM provides a satisfactory 
description of the dielectric permittivities of many free-electron-like metals in the near 
infrared part of the spectrum[51]. The model begins to deviate from experimental 
values when interband transitions become important, above 1.9 eV for Au, and above 
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3.8 eV for Ag. A better fit of the dielectric function for Au and Ag has been achieved 
by adding a Lorentzian term, the extended Drude model (EDM)[52, 53]. However, 
this model only provides an effective fit in a limited energy regime. To describe 
the optical properties for shorter and longer wavelengths, there is a need for a more 
accurate model. 
In this paper we develop an improved analytical model for the dielectric response 
of Au and Ag. We show that a model including 4 Lorentzian-pole pairs (L4) de-
scribes very well the experimental dielectric permittivity data obtained by Johnson 
and Christy [51] (JC) in the energy regime between 0.6 eV to 6.6 eV for both met-
als. We compare the extinction spectra for several different Au and Ag nanoparticles 
calculated by the proposed dielectric model and other analytical models. 
3.2 Analytical model 
Our model for the dielectric function is a simple expansion of Lorentzian terms, 
ju £r{ u>2 - Apju + Bp 
To minimize the computational effort, it is advantageous to use as few terms as 
possible. Several fits have been derived previously. For Ag, Lee and Gray (LG) use 
three terms [54] and Moskovits et al. (MA) use four terms [55]. Rakic et al. (RA) 
derive a six term fit for both Au and Ag [56]. Using a novel optimization strategy, 
we have found that the JC permittivity of Au and could be fitted very well with only 
18 
four Lorentzian terms (L4). The parameters for our L4 model are listed in Table 1. 
The L4 model preserves the stability of the FDTD scheme and can straightforwardly 
be implemented without significant computational expense. 
Coo 
cr/eo 
p=l 
p = 2 
p = 3 
p = 4 
Table 3.1 Parameters for the L4 fit of Au and Ag dielectric data 
Au 
Ap[eV] 
-8.577 x 104 
-2.875 
-997.6 
-1.630 
1.0 
1355.01 
Bp[eV2} 
-1.156 x 104 
0.0 
-3090 
-4.409 
Cp[eV*] 
5.557 x 107 
2.079 x 103 
6.921 x 105 
26.15 
Ag 
1.0 
3157.56 
Ap[eV2} Bp[eV2} 
-1.160 x 105 -3050 
-4.252 -0.8385 
-0.4960 -13.85 
-2.118 -10.23 
Cp[eV] 
3.634 x 108 
112.2 
1.815 
14.31 
In Figure 3.1, we compare the DM, EDM, RA and L4 models with the experi-
mental JC data for Au and Ag. For Au, the L4 and RA models provide the best 
fits for the real parts above 3 eV. The advantage of the L4 fit becomes immediately 
obvious when considering the imaginary part of the permittivities. The DM start to 
deviate from the experimental values at 1.9 eV, and the EDM at 2.5 eV. The RA 
model overestimates the imaginary part in the 1.5 eV to 2.5 eV interval. For Ag, the 
DM, EDM and RA models all deviate significantly from the experimental data below 
2 eV and above 4 eV. The L4 model provides an excellent fit of the experimental Ag 
data except at the interband threshold between 4 eV and 4.5 eV. 
In order to more clearly show the quality of the various models, we define the 
quantity 
E(u) = Re[e(u)-eJV(uj (3.2) 
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Figure 3.1 Comparison of the fitted permittivities of Au (A) and Ag (B) with JC data 
(circles) and DM (blue), EDM (red), RA (green), and L4 (black). The upper and lower 
panels are the real and imaginary parts. The insets are close-ups of the real parts between 
2.5 eV and 6.5 eV. 
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for the difference in the real parts of the fitted dielectric models, and 
^•^f' <3'3) 
for the relative difference in the imaginary parts. The reason we use a normal-
ized quantity for the imaginary parts is that the width of the plasmon resonance is 
proportional to the imaginary part of the dielectric function at the corresponding 
wavelength. 
In Fig. 3.2, we show E(u) and D{ui) for the different dielectric models for Au and 
Ag. For Ag (panels C-D), we also include the MA and LG models. The L4 model 
clearly provides the best overall fits with D(UJ) less than 50% over the whole spectral 
regime. 
In the following section we will show that the L4 model make it possible to simulate 
optical properties of Au and Ag nanoparticles more precisely in a wider frequency 
domain than using other analytical dielectric models. 
3.3 Extinction spectra for spherical nanoparticles 
The effect of the real and imaginary parts of the dielectric permittivities on the 
optical spectrum and the plasmon resonances of metallic nanoparticles has previously 
been investigated in detail [57]. The real part of the permittivity determines the en-
ergy of the plasmon resonances. Generally speaking, the real part of the permittivity 
describes the metallic background screening of the surface charges induced by the 
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Energy [eV] 
Figure 3.2 Deviations of the different models from the JC data for Au (panel A and B) 
and Ag (panel C and D). The upper and lower panels show the quantities E(u>) and D(u) 
as defined in Eqs. (3.2) and (3.3). The black dotted lines denote E or D—0. The color 
scheme for the lines is L4 (black), DM (blue), EDM (red), and RA (green). For Ag we also 
include the MA (cyan) and LG (yellow) models. 
plasmon. A large real permittivity of the metal results in an efficient screening and 
thus results in a redshift of the plasmon energies. 
The imaginary part of the permittivity describes the dissipation of energy. Since 
the permittivity depends on frequency, spurious features not associated with plas-
mon resonances can appear for systems where the imaginary part of the dielectric 
permittivity varies strongly[58]. For a small nanoparticle, the imaginary part of the 
permittivity directly determines the widths (lifetimes) of the plasmon resonances. For 
a larger nanoparticle, retardation effects become important and radiation becomes the 
dominant contribution to the lifetime broadening of the plasmon [59, 57]. For very 
small nanoparticles, it is customary to add a size-dependent term to the imaginary 
22 
part of the dielectric function to model the effect of surface scattering [60]. However, 
recent optical spectroscopy on individual nanoshells conclusively shows that no such 
size correction need be applied in the visible region of the spectrum. [61] In the present 
paper we do not perform such finite-size corrections. 
200 300 400 500 
Wavelength [nm] 
600 
200 300 400 500 600 700 800 
Wavelength [nm] 
Figure 3.3 Extinction spectra of (A) Au nanosphere of radius 10 nm and (B) nanoshell 
with inner and outer radius of 40 nm and 50 nm and a silica core with a permittivity of 
2.04 calculated using Mie theory (solid lines) and FDTD (dashed lines) using JC (yellow), 
the DM (blue), EDM (red), RA (green) and the proposed L4 (black). 
In Figure 3.3 the extinction spectra of two Au nanoparticles are calculated using 
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Mie theory and FDTD using the dielectric functions discussed in Fig. 3.1. For the 
solid particle (Fig. 3.3A) the dipolar plasmon resonance shows up as a broad fea-
ture at a wavelength around 520 nm. The smooth plateau at shorter wavelengths is 
primarily caused by the absorption originating from interband transitions. The DM 
spectrum looks qualitatively different with a sharp plasmon resonance at 480 nm. The 
reason for the narrow width is that the DM fails to account for interband transitions 
which strongly decrease the lifetime of plasmons at wavelengths below 600 nm[57]. 
The blueshift of the plasmon resonance is caused by DM underestimating the real 
part of the permittivity around 2.5 eV. The EDM spectrum represents a significant 
improvement over the DM. The dipolar plasmon resonance shows up around 520 nm, 
however, an artificial peak appears around 360 nm due to the rapid variation of 
the imaginary part of the EDM permittivity. The RA model better reproduces the 
extinction spectrum. However, the RA underestimation of the real part of the Au 
permittivity around 2.5 eV (Fig. 3.2A) results in a blueshift of the dipolar plasmon to 
around 490 nm. The RA underestimation of the imaginary part of the permittivity 
at energies above 5 eV gives rise to a spurious spectral feature around 225 nm. 
In Figure 3.3(B) we show the extinction spectra for a Au nanoshell. The JC 
data gives a bonding nanoshell dipolar resonance at 620 nm and as in the case of 
the Au nanosphere a low energy plateau due to electron hole pair excitations. The 
DM, EDM, and L4 models all predict the bonding dipolar nanoshell resonance to 
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be near 620 nm. However, the DM and EDM do not provide sufficient damping 
of the bonding multipolar and antibonding nanoshell resonances, which show up as 
peaks on the short wavelength side of the bonding dipolar nanoshell mode. For the 
RA model, the bonding dipolar nanoshell is redshifted compared to the JC result 
due to the overestimate of the the real part of the Au permittivity below 2 eV. The 
slight discrepancy between the FDTD and Mie spectra for L4 is due to staircasing 
effects. [44] 
In Figure 3.4, we show the extinction spectra for two Ag nanoparticles. For the 
Ag nanosphere (Fig. 3.4A), the JC data predicts a clear dipolar plasmon resonance 
around 350 nm. The RA model generates a redshifted and broadened dipolar res-
onance at 370 nm and a spurious resonance at 250 nm. The redshift and extra 
broadening of the dipolar plasmon resonance is caused by the overestimate of both 
the real and imaginary parts of the Ag permittivity at energies around 3.3 eV. The 
spurious feature at 250 nm is caused by the the peak in the imaginary part at 4.5 eV 
in the RA model. The blueshift and linewidth narrowing for the DM and EDM is 
caused by the overestimate of the real part and the underestimate of the imaginary 
parts of the Ag dielectric data at energies around 3.5 eV. 
The four most prominent features in the JC spectrum for the larger Ag nanoshell in 
Fig. 3.4B are the dipolar, quadrupolar and octupolar bonding nanoshell resonances 
at 620 nm, 450 nm, and 400 and the antibonding dipolar nanoshell resonance at 
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Figure 3.4 Extinction spectra of (A) Ag nanosphere of radius 10 nm and (B) Ag 
nanoshell with inner and outer radius of 80 nm and 100 nm and a silica core with a per-
mittivity of 2.04 calculated by Mie theory (solid lines) and FDTD (dashed lines) using JC 
(yellow), DM (blue), EDM (red), RA (Green) and L4 (black). 
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320 nm. The widths of the dipolar resonances are large because radiation provides 
the dominant contribution to broadening. [57] The redshift of the plasmon resonances 
obtained from the RA model are caused by the overestimate of the real part of the 
Ag permittivity below 3.5 eV. The 320 nm dipolar antibonding nanoshell resonance 
is only reproduced by the L4 model. 
3.4 Conclusions 
In conclusion, we have found that a four term Lorentz model (L4) for the dielectric 
permittivities of Au and Ag provides an excellent fit of the experimental data over a 
wide frequency regime ranging from 0.6 eV and 6.6 eV. The model can straightfor-
wardly be incorporated into the FDTD algorithms without significant computational 
expense. We have shown that our model provides a significant improvement in the 
accuracy of calculated extinction spectra for Au and Ag nanoparticles compared to 
other analytical models. 
Chapter 4 
Plasmon resonances of a gold nanostar 
4.1 Introduction 
The plasmon resonances of a nanoparticle depend strongly on its composition and 
its shape. [5, 62, 63, 64] The resonant excitation of plasmons can dramatically amplify 
the electric field near the nanoparticle surface. This phenomenon has key applications 
in Surface Enhanced Raman Scattering (SERS),[30, 65] and also contributes to the 
strong sensitivity of the plasmon resonance to the local dielectric environment, which 
is exploited in Localized Surface Plasmon Resonance (LSPR) sensing. [66, 67, 68, 69, 
70] 
Of particular interest in SERS and LSPR sensing applications are tunable plas-
monic nanoparticles where the plasmon resonance can be placed at wavelengths where 
convenient laser sources are available. [71, 6, 72, 73, 8, 74] Recently a new type of 
nanoparticle, the nanostar, was synthesized and characterized using single nanoparti-
cle spectroscopy. [7] These particles are formed by seed-mediated, surfactant directed 
synthesis, very similar to the synthesis method used for gold nanorods.[7] The opti-
cal properties of the nanostars were found to be highly anisotropic and to strongly 
depend on the size of the protruding tips. The long wavelength plasmon resonances 
were also found to exhibit unusually large LSPR sensitivities indicating the presence 
of large local electric field enhancements. 
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In this paper we use the Finite-Difference Time-Domain (FDTD) method[44, 75, 
76] to calculate the near- and far-field properties of a gold nanostar. The nanostar is 
modeled as a solid core with protruding tips of prolate spheroidal shape. The shape 
of this nanostar agrees qualitatively with the shape inferred from a scanning electron 
microscopy (SEM) image. The calculated extinction spectra agree very well with the 
experimentally observed scattering spectra for different polarization angles of incident 
light. While a computational method like FDTD is a powerful approach for calcu-
lating the optical properties of a nanostructure, it does not directly provide physical 
insight. Here we show that by analyzing the spatial symmetry and wavelength depen-
dence of the numerically calculated electric field enhancements, the physical nature 
of the nanostar plasmons can be elucidated. 
The plasmon resonances of the nanostar result from the hybridization of plasmons 
associated with the core and the individual tips of the particle. [27, 77] The low 
energy bonding nanostar plasmons are primarily composed of tip plasmons but with 
a finite contribution of the core plasmons. The mixing-in of the core plasmon mode 
dramatically increases the cross section for excitation of the bonding plasmons and 
results in very large local electric field enhancements compared to those that would 
be induced for individual tips. 
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Figure 4.1 Structure of the gold nanostar investigated in this paper. Panel (a) shows an 
experimental scanning electron micrograph. Panel (b) shows the theoretical model consist-
ing of a truncated spherical core (c) and tips consisting of truncated prolate spheroids (d). 
Panel (e), illustrates the concept of plasmon hybridization in the nanostar. The core plas-
mons interact with the tip plasmons and form bonding and antibonding nanostar plasmons. 
The polarization angle is defined in the upper right corner. 
4.2 Results and discussion 
In Fig. 4.1, we show the SEM image of an experimentally synthesized nanostar 
particle and the simple theoretical model we propose. The nanostar is modeled as 
a truncated sphere with protruding tips of prolate spheroidal shape. For simplicity 
all the tips are assumed to be pointing in directions within the same plane but have 
slightly different offset with respect to the center of the core in the direction per-
pendicular to the graph. This assumption does not alter the calculated spectra but 
simplifies the interpretation of the results and facilitates the graphical presentations 
of the electric field enhancements presented below. Specifically, the longest protrud-
ing tip on the right side of the nanostar can be tilted out of the plane of the paper 
f-
Anti-Bonding 
(c) / \ (e) 
Core ..-•' 
, Tip 
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without any significant change in the calculated spectra. All spectra are calculated 
for light incident perpendicular to the plane of the graph at a polarization angle 6 
defined in the inset of Fig. 4.1. 
F igure 4.2 Experimental scattering (a) and theoretical extinction (b) spectra of the 
nanostar particle shown in Fig. 4.1a-b for different polarizations of the incident light. The 
polarization angle 0 varies from 0°, 30°, 60° to 90° and is indicated by the arrows in the 
panels. The bottom panels show the polarization dependence of the intensity of the two 
low energy peaks indicated by the red and the blue arrows in panels (a) and (b). 
In Fig. 4.2, the experimentally measured scattering spectra are compared to the 
extinction spectra calculated using our FDTD method for different polarization angles 
of the incident light. Due to the large size of the gold nanostars, their extinction spec-
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tra are dominated by scattering, making a comparison between calculated extinction 
and experimental scattering possible. [78] The experimental spectra are characterized 
by two distinct peaks around 800 nm and 720 nm, and weaker features at 650 nm, 
600 nm and around 500 nm. The theoretical spectra show two distinct resonances at 
804 nm and 717 nm, a weaker feature at 600 nm, and several weak features around 
500 nm. Our theoretical model for the nanostar was developed to account for the 
800 nm and 720 nm resonances. 
Both the experimental and theoretical spectra reveal that the effect of polarization 
angle is a change in the relative intensity of the peaks. This observation suggests that 
the different plasmon resonances of the nanostar are distinct plasmonic eigenstates of 
the particle and associated with the individual tips of the nanostar. 
In the lower panels of Fig. 4.2, the intensity of the 804 nm and 717 nm peak 
are plotted as a function of polarization angle. The theoretically calculated angular 
dependence agrees well with the experimental data, indicating that our theoretical 
model for the nanostar is qualitatively correct. Due to the asymmetric orientation 
of the tips, several different nanostar plasmons can be observed for an arbitrary 
polarization of the incident light. The probability for excitation of a plasmon mode 
depends on the square of its dipole moment along the incident electric field. 
In Fig. 4.3, the calculated electric field enhancements for the three distinct nanos-
tar plasmon resonances for polarization angles where the nature of the plasmon res-
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Figure 4.3 Color contour plots of the electric field enhancements for excitation of the (a) 
804 nm, (b) 717 nm, and (c) 594 nm nanostar plasmon resonances. The polarization angles 
are indicated by the insets to the right of the panels. The maximum field enhancements are 
indicated on top of each panel. 
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onances become most apparent are shown. The planes of the plots are selected to 
bisect the centers of the respective tips. The electric field enhancement is defined as 
the electric field amplitude at a particular point normalized by the incident electric 
field. Panel (a) shows the electric field enhancement for a polarization angle of 6 = 0 
and a wavelength of A = 804 nm. For this polarization, the extinction spectrum is 
dominated by the 804 nm plasmon resonance. This panel clearly reveals the existence 
of large surface charges on the horizontal tip. The calculated electric field enhance-
ment is similar in magnitude to those found in junctions of nanoparticle dimers.[75] 
The field enhancements on the downward and upward pointing tips are very small, 
indicating that only very small surface charges are induced at this wavelength. The 
downward pointing tip appears smaller in size than in Fig. 4.1 because it is centered 
in a plane located further inside the plane of the plot. 
In Fig. 4.3b we show the electric field enhancements for a polarization angle of $ = 
60 degrees. The contour plot for a wavelength of 717 nm illustrates that the surface 
charges associated with this particular plasmon mode are localized on the downward 
pointing tip. For this polarization angle, the extinction spectra show that both the 
804 nm and 717 nm plasmon resonances can be excited. The field enhancements for a 
wavelength of 804 nm (not shown) look similar to those in Fig. 4.3a with a maximum 
of 207. 
In Fig. 4.3c we show the electric field enhancements for a polarization angle of 
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9 = 90 degrees. The extinction spectra reveal two plasmon resonances, a strong 
peak at 717 nm and a weaker feature at 594 nm. The field enhancements for the 
717 nm mode (not shown) look similar to those in panel Fig. 4.3b but with a larger 
maximum enhancement of 242. Panel (c) shows the field enhancement for the 594 nm 
mode. The plot shows that this mode is localized on the upward pointing tips with 
a substantial maximum field enhancement of 145. 
The preceding discussion clearly shows that the different nanostar plasmons have 
significant surface charges associated with individual tips. We have also verified this 
explicitly by performing calculations on nanostars with single tips. The resulting 
spectrum only shows the plasmon resonances associated with that particular tip. 
The energies of a tip plasmon depend strongly on the aspect ratio of the tip and 
redshift with increasing tip length. 
We now analyze the plasmonic structure of the nanostar using the plasmon hy-
bridization concept. The plasmon hybridization method is an analytical method that 
expresses the plasmons of a complex nanostructure in terms of the primitive plasmons 
of the elementary surfaces of the structure. [27, 77] The complexity of the nanostar 
makes a straightforward application of the plasmon hybridization method impossible. 
Plasmons are incompressible deformations of the conduction electron distribution in 
the nanostructure. A characteristic feature of a plasmon mode is the appearance of 
oscillating surface charges which induce local electric fields. On an open-ended sur-
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face like that of a nanostar (in contrast to a junction between two metallic surfaces), 
the induced electric fields are directly proportional to the surface charges induced 
by the collective plasmon oscillation. By analyzing the symmetry and the spatial 
distribution of the local electromagnetic field enhancements calculated using a nu-
merical approach such as the FDTD method, the microscopic nature of the nanostar 
plasmons can be elucidated. 
In Fig. 4.4 we show the calculated extinction spectra for the individual core, the 
nanostar, and the individual tips for three different polarizations. The spectra are 
displayed as a function of energy. The color insets show the electric field enhance-
ments of the structures for specific wavelengths. The extinction spectra for the core 
are shown in the left panels and are characterized by two plasmon resonances at 2.5 
and 2.6 eV. The spectra show only a minor polarization dependence due to the rela-
tively symmetric nature of the core. The electric field enhancements are distributed 
in a dipolar manner characteristic of the field enhancements for an almost spherical 
structure. The 2.5 eV plasmon resonance corresponds to a longitudinal plasmon res-
onance polarized parallel to the cut of the sphere and the 2.6 eV mode is a transverse 
plasmon resonance polarized perpendicular to the cut. 
In the right panels, we show the extinction spectra for the tips (without the core). 
It can be seen that these spectra depend sensitively on the polarization of the incident 
light. Since the tips are located at finite distances from each other, a weak interaction 
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Figure 4.4 Microscopic origin of the three lowest nanostar plasmons. The left panels 
show the extinction spectra of the individual core. The right panels show the spectra of 
the tips. The middle panels show the extinction spectra of the interacting system. The 
dotted lines indicate the interactions that result in the bonding and antibonding nanostar 
plasmons. The contour plots show the electric field enhancements for resonant excitation 
of the different plasmon modes at the different angles. To make the extinction spectra 
more visible, the spectra for the core and tips have been multiplied by factors of 2 and 4 
respectively. 
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exists between the plasmons of the individual tips. The tip spectra thus consist of 
bonding and antibonding plasmon modes. In the following discussion, we will focus 
on the low energy bonding tip modes which are localized on the individual tips. For 
an angle 6 — 0 the spectrum displays a plasmon resonance around 1.9 eV. The field 
enhancement for this feature shows that it is a plasmon localized on the horizontal tip. 
The spectrum for a polarization angle 6 = 60 exhibits two resonances, the same 1.9 eV 
resonance as was present for 6 = 0 and a plasmon resonance at 2.1 eV. This plasmon 
resonance is associated with the bottom tip. The spectrum for 0 = 90 degrees shows 
the 2.1 eV resonance associated with the bottom peak and a weak feature at 2.5 eV 
which is associated with the upper two tips. 
The middle panels show the extinction spectra of the nanostar for different polar-
izations. Dotted black lines are used to denote how the core plasmon mode and tip 
plasmon mode hybridize to form bonding and antibonding nanostar plasmon modes. 
For a polarization angle of 6 = 0 degrees, the transverse plasmon resonance of the 
core hybridizes strongly to form the bonding nanostar plasmon at 1.5 eV and an 
antibonding plasmon around 2.5 eV. The bonding mode is primarily composed of 
the low energy tip plasmon. The redshift of the bonding mode is larger than the 
blueshift of the antibonding mode because the number of conduction electrons in the 
core is larger than in the tip. The panel for 0 = 60 illustrates how the bonding 1.7 eV 
plasmon is formed by hybridization of the longitudinal core plasmon and the plasmon 
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in the bottom tip. As discussed earlier, for this polarization, the bonding plasmon 
associated with the horizontal tip is also excited. The bottom panel shows how the 
2.1 eV nanostar plasmon is formed by hybridization of the longitudinal core plasmon 
and the upper tip plasmons. 
The hybridization between the core and tip plasmon increases the cross section for 
excitation of the nanostar plasmons. The cross sections for excitation of individual 
tip plasmons are nominally a factor of 4 smaller than those for the bonding nanostar 
plasmons. The physical mechanism for this increase in the cross section is the admix-
ture of the core plasmons in the bonding nanostar plasmons. Since the core plasmons 
have a larger frequency than the tip plasmons, the conduction electrons of the core 
structure can adiabatically follow the lower frequency tip oscillations which increase 
their effective dipole moments. The core plasmon mode thus serves as an antenna 
both increasing the excitation cross sections and the electric field enhancements. The 
electric field enhancements of the individual tip plasmons are around 185 (horizontal 
tip), 119 (lower tip) and 69 (upper tips) at their respective plasmon resonances. The 
corresponding numbers for the bonding nanostar plasmons are 263, 242 and 145. 
4.3 Conclusions 
In conclusion, we have shown that the plasmon modes of a nanostar are formed 
by hybridization of plasmons associated with the core and the tips. We have demon-
strated that the plasmon hybridization concept can be combined with a highly nu-
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merical electromagnetic approach to provide microscopic insight into the nature of 
the plasmon resonances of a complex nanostructure. 
Chapter 5 
Plasmon resonances of an individual gold ring 
5.1 Introduction 
The topic of nanoparticle plasmons have recently gained widespread interest be-
cause of their fundamental importance in many fields of science, [79, 80] and because 
of many promising applications in areas such as chemical and biological sensing, [81] 
negative index materials, [82, 83, 84] waveguiding,[85] and photothermal tumor cell 
ablation. [86, 22] Various nanostructures have been fabricated and studied in recent 
years using nanolithographic and chemical processes. [87, 88, 89, 90, 91, 92] The 
plasmon resonance frequency and the induced field enhancements are highly depen-
dent on the size and the shape of the nanostructure and its surrounding dielectric 
environment. [64, 68, 93, 94, 95] Large electric field enhancements useful for surface 
enhanced spectroscopy and sensing applications can be achieved using either very 
sharp features as in nanorods and nanostars,[63, 96, 10] multi-surface Structures such 
as nanoshells,[45] or narrow junctions between adjacent nanoparticles. [75] 
Ring-shaped nanostructures are particularly attractive for sensing applications 
due to their ability to contain high volumes of molecules and provide uniform elec-
tric fields inside the cavity. [97, 98] The plasmon frequencies of nanorings are highly 
tunable and depend both on the diameter and the wall thickness of the ring. [6, 99] 
This tunability of nanorings has recently been exploited in the design of plasmonic 
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waveguides in the optical telecommunication band.[100] 
The plasmons of a finite nanostructure can be considered to be discrete eigenmodes 
characterized by the spatial symmetry of their associated surface charge distribution. [77] 
For small nanoparticles where the quasi-static approximation is valid, only plasmon 
modes containing electric dipole moments can couple with the incident electromag-
netic fields. Several recent studies have shown that by breaking the symmetry of a 
nanostructure, non-dipolar plasmon modes can be excited. [101, 102, 103] One phys-
ical mechanism that can make this happen is that symmetry breaking can enable 
hybridization of plasmons of different multipolar symmetry, i.e. dipolar plasmon 
mode can mix into normally dark multipolar modes. [101] Such an admixture of a 
dipole plasmon makes the hybridized mode dipole active and can strongly enhance 
its intensity in the optical spectrum. 
Another mechanism for exciting non-dipole-active multipolar plasmons is retarda-
tion effects. [104] For nanoparticles of a size comparable to a quarter of the wavelength 
of the incident light, the electric field can no longer be assumed uniform across the 
nanoparticle. For such a system the higher multipolar components of the incident 
wave can directly couple to the corresponding multipolar plasmon modes. [64] As a 
nanoparticle is made larger, an increasing number of higher multipolar plasmon res-
onances can appear in its spectra. [105] 
In this letter, we present an experimental and theoretical investigation of the 
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optical properties of symmetric gold nanorings for light polarized in the plane of 
the ring. We show that by varying the angle of incidence of the light it is possible 
to excite multipolar plasmon resonances in a controlled manner. For light incident 
perpendicular to the ring, only the dipolar resonances appear and the multipolar ring 
resonances remain dark. As the angle of incidence is reduced, several multipolar ring 
plasmon resonances appear in the spectra with intensities that increase monotonously 
as the angle of incidence becomes parallel to the plane of the ring. The calculated 
spectra show excellent agreement with the experimental results. We show that this 
effect does not depend sensitively on the cross section of the ring but is a general 
consequence of phase retardation. 
Figure 5.1 (a) Geometry of the rings used in the simulations: diameter (D), wall 
thickness (T), height(if). (b) A schematic illustration of the experimental setup. The 
incident direction k and the polarization direction E are denoted on the left. The incident 
angle 6 is denned as the angle between the axis of the ring and k. Panels (c) and (d) are 
SEM micrographs showing Au nanorings with D=530 nm on a soda lime glass substrate 
from a top (c) and 60° (d) view. 
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5.2 Experimental and theoretical approach 
In Fig. 5.1 we schematically illustrate the geometry of the experiment and the 
structural parameters used to model the rings. The gold nanorings are fabricated on 
soda lime glass substrates using colloidal lithography. [6, 97] The samples are illumi-
nated by monochromatic light with the polarization parallel to the substrate. The 
incidence angle 6 is defined in Fig. 5.1(b). The extinction spectra of the ring is cal-
culated using the Finite-Difference Time-Domain method (FDTD) using a four term 
Lorentzian expansion fitted to experimentally measured dielectric data for gold. [51, 
106] The structural parameters of the rings are determined by AFM and SEM. The 
wall thicknesses were found to vary slightly with vertical position with their thickest 
part having dimensions in the range 20-40 nm. For computational simplicity, we do 
not include the substrate when modeling the ring. The inclusion of a dielectric sub-
strate would result in small redshifts of the individual plasmon resonances due to the 
screening charges induced at the substrate/metal interface but no significant change 
of the intensities of the spectral features. [99] 
5.3 - Results 
In Fig. 5.2, we compare the experimental and theoretical spectra for different 
values of the incidence angle 0 and different sizes of the rings. The black solid lines 
in the spectra are the extinction spectra for normal incidence (6 = 0°). For this 
incidence, the spectra are characterized by a single resonance which is a Symmetric 
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Figure 5.2 Experimental absorbance (a,c,e) and theoretical extinction (b,d,f) spectra 
for three different gold nanorings for fixed polarization but varying angle of incidence 6: 
0° (solid black), 30° (dashed red), 50° (dash-dotted green), 70° (dash-triple-dotted blue). 
The geometric parameters used in the FDTD modeling of the nanorings are: .D=316 nm, 
T=26 nm, #=120 nm (a,b), D=352 nm, T=26 nm, #=140 nm (c,d), and D=528 nm, 
T=24 nm, #=168 nm (e,f). The dielectric function used in the FDTD calculations is a 
4-term Lorentzian model.[106] 
Dipolar (SD) ring mode. [6] Another weak Antisymmetric Dipolar (AD) ring resonance 
(not shown) with an antisymmetric alignment of the surface charges on the inner and 
outer surfaces of the ring appear at a wavelength around 430 nm but is very broad 
due to the damping caused by the interband transitions of gold. As the diameter D 
increases, the energy of the SD resonance red shifts from 1400 nm to about 2100 nm. 
This tunability is consistent with previous studies showing that the wavelength of the 
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lowest energy dipolar plasmon mode of a nanoring is negatively correlated with the 
aspect ratio T/D.[6] 
When the incidence angle is changed from normal to oblique, several higher en-
ergy plasmon resonances begin to appear. As will be demonstrated below, these are 
higher order multipolar ring resonances. For the D=315 nm ring (panels (a) and (b)), 
a quadrupolar resonance around 900 nm appears with an intensity which increases 
monotonously with 9. For the Z?=350 nm ring (panels (c) and (d)), a clearly devel-
oping quadrupolar resonance appears around 970 nm and a weak octupolar feature 
around 750 nm is emerging for the largest 6. For the largest ring with D=530 nm 
(panels (e) and (f)), two clearly developed quadrupolar and octupolar resonances 
appear at 1200 nm and 900 nm and a weak hexadecapolar feature at 750 nm. The 
figure clearly shows that both the number of multipolar modes and their intensities 
increase with the diameter of the ring D. 
The theoretical calculations qualitatively reproduce the experimental spectra, ex-
cept for the slight blueshift of the plasmon resonance caused by the neglect of the 
substrate in the modeling. The calculated spectra clearly show a reduction of the 
intensity of the SD resonance as the higher order resonances appear. This decrease 
can simply be understood from the spectral sum rule which ensures that the integral 
of the spectra is determined by the number of electrons in the system. We believe 
that the reason why the experimental spectra do not display this decrease is that a 
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larger area of the substrate and therefore more rings are excited for increasing 6. 
(a) 8= 90° A=1934nm 
(c) 8= 90° A=788 nm 
(e)8=0° A=1934nm 
(b) 6= 90° A=1066 nm 
(d) 0= 90° A=667 nm 
(f) 8= 0° A=431 nm 
Figure 5.3 Calculated surface charge distribution for a gold nanoring of D=528 nm, 
T=24 nm, and if =168 nm. Panel (a-d) shows the amplitudes for the four peaks shown in 
Fig. 2f for $ = 90°. Panels (e,f) shows the charge amplitudes for the SD and AD mode 
for 6 = 0°. The contour plane is the top surface of the ring. The incidence angle and 
the wavelength are shown on top of each panel. The color legend for positive and negative 
charges is shown on the right. 
In Fig. 5.3 we show the calculated charge distributions of the four lowest resonance 
frequencies for the D=528 nm ring shown in Fig. 2f. The contour plane is on the 
top surface of the ring and the angle of incidence is 6 = 90°, i.e. light incident from 
the side. For A=1934 nm, the charge distribution is dipolar as expected from the 
excitation of the SD resonance. For A=1066 nm, two more nodes show up in the 
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charge distribution which is characteristic of a quadrupole. For the A=788 nm and 
A=667 nm resonances, the charge distribution exhibit 6 and 8 nodes respectively as 
expected for octupolar and hexadecapolar plasmon resonances. In panels (e) and (f) 
we show the charge distribution for the only two modes that can be excited with 
normal incidence, 9 — 0°, i.e. the SD and AD modes. The SD mode exhibits the 
characteristic symmetric alignment of the surface charges as was also seen in panel 
(a). The AD mode exhibits an antisymmetric alignment of the surface charges on the 
inner and outer surfaces of the ring wall. [6, 99] 
Figure 5.4 Schematic illustrating how phase retardation can enable the excitation of 
multipolar ring plasmons when light is incident from the side, (a) the polarization as the 
incident wavefront has reached the left part of the ring, (b) how a localization of the 
surface charges toward the left part of the ring can be achieved by superposing a dipolar 
and a quadrupolar mode, (c) how the surface charges can be further localized to the left 
side of the ring by adding the octupole resonance. The red "+" and blue "-" signs denotes 
the surface charges associated with the plasmon modes. 
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5 .4 D i s c u s s i o n 
As demonstrated above, only the dipolar resonances of a thin ring (T, H < A) can 
be excited for normal incidence. In Fig. 5.4 we illustrate the physical mechanism for 
excitations of the multipolar plasmon modes for light incident from the side. Due 
to the finite speed of light, the incident wavefront reaches the left side of the ring 
first, resulting in polarization charges that are localized to the left part of the ring as 
shown in panel (a). The plasmonic modes of a ring can be classified according to their 
multipolar symmetry I. Any instantaneous polarization of the surface charges in the 
ring can be expressed as a superposition of the fundamental plasmon modes of the 
ring. The individual multipolar plasmon resonances of the ring have surface charge 
distributions distributed over the whole ring and do not exhibit a localization to the 
left. In panel (b) we show schematically how the surface charges can be localized 
to the left part of the ring by superposing a dipolar and quadrupolar ring plasmon. 
Except for a small dipole on the right side of the ring, the charge distribution is 
localized to the left part of the ring. In panel (c) we show schematically how a 
further charge localization to left can be accomplished by adding the octupole ring 
plasmon. As in any Fourier expansion, adding higher multipolar components can 
further localize the charges. As a result, the finite speed of light results in an excitation 
of several multipolar ring plasmon resonances. The number of multipoles that are 
excited depends on the ratio of the ring diameter to the wavelength of light. Thus 
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for increasing diameter of the ring, an increasing number of higher multipolar order 
plasmons can be excited for light incident from the side. 
A similar argument has been used to explain the excitation of the dark transverse 
bonding plasmon mode for a nanoshell dimer when light is incident parallel to the 
dimer axis. [75] The bonding transverse mode has no dipole moment since it can be 
described as two nanoshell dipole modes oscillating out of phase. When the incident 
wavefront polarizes the first nanoshell, the instantaneous polarization corresponds 
to the simultaneous excitation of both the dark bonding and bright antibonding 
transverse dimer plasmons. 
We have also investigated how the cross section of the ring influences the ex-
tinction spectra. In Fig. 5.5 we compare the extinction spectra of gold nanorings of 
square, circular and rectangular cross sections for light incident from the side 8 = 90°. 
Panel (a) shows the spectra for square and circular cross sections of a ring with rel-
atively small aspect ratio T/D. The spectra are quite similar with the wavelengths 
of the SD resonances differing by less than 60 nm. The relative intensities of the 
multipolar resonances are also very similar. In panel (b) we compare the circular and 
square ring spectra for a larger aspect ratio T/D. Also for this larger structure, the 
spectra look similar with the SD resonances differing by less than 20 nm for the two 
different ring profiles. The plasmon resonances for the rings with larger aspect ratio 
are blueshifted compared to panel (a). This blueshift enhances the retardation effects 
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Wavelength (nm) 
Figure 5.5 FDTD extinction spectra for rings of square (blue), circular (dotted red), 
and rectangular (black dotted) cross sections: (a) .0=174 nm, T=24 nm #=45 nm; (b) 
£>=200 nm, T=50 nm, #=50 nm; (c) £>=450 nm, T=45 nm, #=45 nm and D=420 nm, 
T=12 nm, #=168 nm. The incidence angle is 6 = 90°. 
and consequently the intensity of the multipolar resonances. It is notable that the 
ring with square cross section always has a shorter resonance wavelength compared 
to the ring with circular cross section. This can be understood physically, from the 
cross section area of the ring. For a square cross section the area is D2 while for the 
circular cross section, the area is 7rD2/4. Thus a ring with a circular cross section 
will have a smaller effective aspect ratio and a more redshifted SD resonance. To 
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further investigate how the cross section area influence the spectra, in panel (c) we 
compare the spectra for two rings with approximately the same cross section area 
and diameter D but very different T and H. As can be seen, the spectra are very 
similar suggesting that the cross sectional area is an important factor influencing the 
plasmon energies of a ring. A detailed investigation of the role of the cross section 
area is in progress. 
5.5 Conclusions 
In conclusion, we have presented an experimental and theoretical investigation of 
the optical and plasmonic properties of thin gold nanorings of various sizes. We have 
shown that for a fixed polarization parallel to the plane of the ring, the optical spectra 
can depend strongly on the incidence angle of the light. For light incident normal 
to the ring, only the dipolar modes can be excited and the multipolar ring modes 
are dark. As the incidence is varied from normal to parallel to the ring, multipolar 
resonances appear in the spectra with intensities that increase monotonously. Using a 
simple universal physical model, we have shown that the excitation of the multipolar 
resonances is a consequence of the finite speed of light, i.e. phase retardation. We 
also show that the cross sectional profile of a ring has little influence on its spectrum. 
These studies have furthered our insights into the role of retardation effects for the 
excitation of ring plasmons, and the results are also likely to be applicable to more 
complex metallic nanostructures. 
Chapter 6 
Metallic ring/disk nanocavities 
6.1 Concentric nanocavities 
6.1.1 Introduction 
The investigation of the spectral tunability of localized plasmon resonances in 
small metallic nanostructures has attracted a considerable amount of research effort 
in the field of plasmonics [107, 45, 12], fuelled by the desire to exploit the associated 
enhancement of the electromagnetic near field for applications ranging from single-
molecule sensing at visible frequencies [108, 19] to cancer therapy in the near-infrared 
[109]. As localized particle plasmons are geometry-dependent resonances of the con-
duction electron sea of metallic nanostructures driven by the electromagnetic field, 
the spectral positions of these resonances depend sensitively on particle size and shape 
[48]. For particles of size d « X, where A is the wavelength of the impinging radi-
ation, the plasmon mode has the character of an electric dipole, and for the noble 
metals gold and silver its spectral position lies for sphere-shaped particles in a low 
permittivity environment in the visible part of the electromagnetic spectrum [110, 81]. 
Particularly for applications in optical sensing and telecommunications, a con-
trolled tunability of plasmon resonances throughout the visible and into the near-
infrared spectral range is desirable. However, while it is well established that an 
increase in size of spherical or planar, disk-shaped nanostructures leads to red-shifts 
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of the respective dipole modes due to retardation effects, the concomitant increase in 
radiation damping [111] incurs a significant resonance broadening, therefore dimin-
ishing the total enhancement of the electromagnetic near field. A more promising 
approach lies in employing metal nanoparticles of geometries significantly deviating 
from spherical or disk-like shapes. Indeed it has been shown that nanosized metallic 
rings sustain dipole-like resonances that can be tuned into the near-infrared region via 
a change in the width of the metallic ring [6, 112], while at the same time upholding 
the in-plane symmetry of the modes with regards to the polarization of the exciting 
light field. The reduced amount of metal compared to disks of equal size results in 
a decrease in absorption loss. Some line broadening with increasing outer diameter 
still occurs due to an increase in radiation damping, however as we will show this 
is significantly reduced compared to solid disks. Crucially however, nanorings com-
pare favorably to disks of same size in the refractive index sensitivity of the dipolar 
plasmon frequency [97], making this geometry superior for sensing applications. The 
same holds for crescent-shaped particles, which exhibit a lower radiation damping and 
therefore sharper resonances in the near-infrared due to concentration of the plasmon 
mode into smaller volumes [9]. 
6.1.2 Modelling methods and optical spectra 
Here, we discuss a related, conceptually simple system to achieve tunable, sharp 
plasmon resonances throughout the visible and near-infrared regime. It consists of 
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the concentric arrangement of a metallic nanoring with an embedded disk, separated 
from the inside wall of the ring by a small gap. The geometrical parameters of this 
ring/disk nanocavity are defined in Fig. 6.1. As will be shown below, the electric 
field of the fundamental modes of this cavity is highly confined in the gap between 
the ring and the disk, akin to sub-wavelength metal-insulator-metal slab waveguides 
[113]. For small slot sizes, therefore significantly higher field enhancement than for 
rings of same outer diameter can be achieved, while retaining in-plane polarization 
symmetry. Figure 6.1 also shows examples of structures fabricated using electron 
beam lithography with a dual-resist layer process on ITO glass slides and subsequent 
silver lift-off. In this communication, we focus on a computational investigation of the 
electromagnetic modes sustained by these systems, and details regarding fabrication 
and experimental characterization of single ring/disk nanocavities will be reported 
elsewhere. 
(• . ' • • • ' . 
Figure 6.1 Geometry of the ring/disk cavity. The structure consists of a concentric 
arrangement of a nanoring (outer diameter dj, inner diameter d^) and a central disk (diam-
eter D). The height of the structure is h. The scanning electron microscope image shows 
an example of a 3 x 3 array of concentric ring/disk structures with d\ ~ 500 nm fabricated 
using electron beam lithography and lift-off. 
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For the analysis of this system, we use the finite-difference time-domain method 
(FDTD) to directly solve for the extinction spectrum of the ring-disk-system. In order 
to gain an increased understanding into the nature of the fundamental electromagnetic 
resonances, we combine our results with plasmon hybridization theory [27], which 
allows the identification of the resonances as bonding and anti-bonding hybrids of 
the fundamental ring and disk modes. This approach has already been successfully 
applied to the understanding of plasmon resonances in star-shaped particles [96]. To 
model the silver metal we use a Drude model e(u) — £<*, — ^2+ ,^5 with parameters 
£oo = 4.039, UJP = 1.39077 x 1016rad/s, and 6 = 3.13999 x 1013 Hz. This fit provides 
an accurate description of the dielectric data of Ag in the wavelength regime 300 nm-
2000 nm [51]. For the present relatively large structures we do not need to include 
any size dependent additional damping [61]. 
Starting with the fundamental building blocks of our hybridized system, Fig-
ure 6.2 shows the calculated extinction spectra for representative silver disks and 
rings of height h=50 nm surrounded by air. The influence of a substrate layer will 
be discussed later on. For the moment, we limit our discussions to systems with sizes 
not exceeding an outer diameter of 200 nm. In this size interval, the dipolar reso-
nance of an individual silver disks is tunable from around 400 nm to approximately 
500 nm by increasing the disk diameter, which is accompanied by a notable peak 
broadening. The shorter wavelength features are higher order multipolar plasmons 
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which can be excited because of retardation effects. For the rings the plasmon res-
onances are bonding and antibonding combinations of primitive plasmon resonances 
associated with the inner and outer surfaces [6]. The major feature in each spectrum 
is the bonding dipolar ring resonance, while the short wavelength features also in-
clude weak antibonding ring modes. The plasmon resonance of a ring has a higher 
degree of tunability than the solid disk, since also the inner diameter can be varied 
[6], leading to significant red shifts with decreasing ring wall size d<i — d\. Another 
important property of the ring is that the width of its bonding plasmon resonance is 
reduced compared to that of a disk plasmon. For example, the FWHM of the dipolar 
mode of a 400 nm diameter disk at 1033 nm is 1.09 eV, whereas the FWHM for the 
dipolar mode at 1796 nm for a ring of d2=400 nm and di=360 nm is only 0.085 eV. 
This lineshape narrowing is caused both by the reduction in radiation damping and 
by the decrease in electron-hole pair excitation rates for longer wavelengths. 
Figure 6.2 Normalized extinction spectra for cylindrical silver disks and rings of height 
fo=50 nm surrounded by air, calculated using FDTD. The pulse is incident along the cylin-
drical axis of the disks/rings, and polarized perpendicular to the axis. Purple (solid) and 
Blue (dotted) lines are the extinction spectra for disks with D=70 nm and D=140 nm 
respectively. The green (dashed) line is the extinction spectrum for a ring with d\ =200 nm 
and ^2=100 nm. The red (dash-dotted) line is for a ring with di=200 nm and ^2=150 nm. 
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FDTD is an intuitive computational technique providing real-time evolution pic-
tures of the electromagnetic fields in the system under study. In our parallelized 
implementation [44], a short Gaussian pulse composed of plane waves with frequency 
components in the spectral window of interest is directed into the simulation domain, 
in which electric and magnetic fields are updated using the standard FDTD algo-
rithm [114, 115]. A running-sum evaluation of the discretized Fourier transformation 
(DFT) is performed to obtain the electric field distribution in the frequency domain. 
The divergence of the electric field is evaluated numerically to generate the amplitude 
of the charge distributions as a function of wavelength. The charge distributions so 
generated provide insight into the physical nature of the plasmon resonances shown 
in the extinction spectra. The extinction spectra are calculated by integrating the 
Poynting vector over the six surfaces of the simulation box and include the loss of 
electromagnetic energy both to absorption and scattering [115]. 
6.1.3 Plasmon modes of the concentric ring/disk nanocavity 
In Fig. 6.3, we show the charge distribution amplitudes on several representative 
cross sectional surfaces of a ring and a disk in vacuum at the wavelengths of the major 
resonances. Panels (a-c) show the charge distribution amplitudes of a subwavelength 
cylindrical disk at its major resonance wavelength. Since plasmon modes can be 
described as incompressible deformations of the electron gas [27, 28], the only induced 
charges resides on the surfaces and are proportional to the amplitude of the plasmon. 
58 
Figure 6.3 Charge distribution amplitudes for disks and rings in vacuum at their plas-
mon resonant frequencies in arbitrary units. Panels (a-c) are for a cylindrical disk with 
D=140 nm and /i=50 nm. Panels (d-f) are for a cylindrical ring of same height and 
o?i=200 nm and d2=150 nm. The resonance wavelengths are 515 nm for the disk (the 
blue line in Fig. 6.2) and 904 nm for the ring (the red line in Fig. 6.2). Panels (a) and (d) 
show the charge distribution on the surface cut along the cylinder axis. Panels (b) and (e) 
are for the top surface. Panels (c) and (f) are the center cross section of the disk/ring. The 
incident and polarization directions are denoted in the center of the graph. 
The force providing the restoring force for the plasmon oscillation originates from 
the electromagnetic interactions of these surface charges. The induced electric field 
is not localized only to the surface but penetrates the metal for finite frequencies. 
The curves clearly show that the surface charges induced by the plasmon mode are 
largest on the top (and bottom) surfaces of the disk. The surface charges in the 
cut along the center of the structures are very small. An incompressible deformation 
of the conduction electron gas which primarily involves the electrons on the top and 
bottom surface have lower energy than a rigid displacement of the conduction electron 
distribution since the induced surface charges which provides the restoring force will 
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be smaller. For a nanoring of similar size panels (d-f), the situation is similar, with 
charge distributions primarily induced on the top (and bottom) surfaces of the ring. 
The symmetric alignment of the surface charges on the inner and outer surfaces of 
the ring is a consequence of the incompressibility of the electron gas and results in the 
low energy bonding plasmon resonance analogous to the bonding dipolar nanoshell 
or thin film resonance [28, 116]. 
Extinction (art), units) 
Figure 6.4 Hybridization diagram illustrating the nature of the plasmon resonances in 
concentric ring-disk structures. Panel (a) shows the strong hybridization in a system with 
c?i=200 nm, ^2=150 nm, and D=130 nm. Panel (b) shows intermediate hybridization in a 
system with di=200 nm, efo=100 nm, and D=70 nm, and panel (c) shows weak hybridization 
in a di=200 nm, G?2=150 nm, and D=70 nm. Left panels are the extinction spectra for 
individual disks as function of energy. Right panels are extinction spectra for the rings. The 
middle panels shows the spectra for the interacting system. The spectra of the individual 
disks have be multiplied by a factor of 6 to make them more visible. Black dotted lines 
illustrates some of the interactions that results in hybridized ring/disk plasmons. The charge 
distribution amplitudes associated with each spectral feature are shown next to the peaks. 
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We now examine the plasmon resonances in the combined ring-disk nanocavity. 
Here, the plasmon modes are formed by hybridization of the primitive plasmons as-
sociated with the individual disk and the rings. As in a nanoshell or nanomatryushka 
[28], the interactions between the primitive plasmons are determined by the separation 
between the surfaces of the metals and the relative energies of the primitive plasmons. 
In Fig. 6.4, we use the plasmon hybridization concept to analyze the nature of the 
two lowest energy plasmon resonances of the concentric ring-disk system of different 
interaction strengths. The panels show both the extinction spectrum of the particular 
structure at hand and and the charge distributions amplitudes associated with the 
plasmon resonances. In each panel, the left and right box shows the extinction spec-
tra of the individual disk and ring constituents, respectively. The middle box in each 
panel shows the extinction spectrum for the interacting ring-disk systems. The dom-
inant interactions resulting in the formation of the hybridized ring-disk plasmons are 
illustrated by the dotted lines. Panel (a) shows the plasmonic structure of a strongly 
interacting system with a 10 nm gap between the ring and the disk. The dipolar disk 
plasmon at 2.5 eV interacts both with the bonding dipolar ring resonance (BR) at 
1.3 eV and the weaker antibonding dipolar ring resonance (AR) at 3.8 eV. The inter-
actions results in several hybridized plasmon modes. The narrow resonance at 1 eV 
is a bonding resonance consisting of oppositely aligned individual disk and bonding 
ring dipolar plasmons (DBR). The net dipole moment of this resonance is smaller 
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than those of the individual disk and and ring resulting in less radiative damping 
and line narrowing as the mode becomes darker. The broader hybridized resonance 
at 2.2 eV is primarily a bonding combination of the primitive dipolar disk and the 
antibonding dipolar ring plasmon modes and will be referred to as the (DAR) mode. 
The corresponding antibonding resonance around 4 eV is indistinguishable because 
of the presence of other higher order modes and the strong damping at high energies. 
A close inspection of the charge density amplitude for the DAR resonance show that 
it also contains an antibonding admixture of the BR mode. However, to maintain the 
simplicity of Fig. 6.4, we do not illustrate this interaction. 
As we increase the gap size from 10 nm to 15 nm (Fig. 6.4b), the interaction 
between the ring and the disk is weakened. The DBR mode (1.6 eV) is redshifted 
by 0.1 eV from the BR at 1.7 eV compared to the 0.3 eV redshift in Fig. 6.4a. The 
DAR mode (2.5 eV) is redshifted by 0.6 eV from the dipolar disk mode at 3.1 eV. 
This is larger than the 0.3 eV redshift found for the small gap structure in panel (a). 
This is because the energy difference between the dipolar disk mode and the AR is 
much smaller in panel (b). When the gap between the ring and the disk is further 
enlarged to 40 nm as shown in Fig. 6.4c, the interactions become very small. The 
energy of the DBR mode 1.3 eV is approximately the same as the energy of the BR 
mode. The energy of the DAR is approximately the same as the dipolar disk mode 
3.1 eV. The optical response of the system is approximately equal to the sum of the 
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optical spectra of the individual parts. 
(a) Max: 91 
(d) Max:18 (e) Mas: 120 
Figure 6.5 Contour plots of the electric field enhancement for ring and ring-disk systems 
on a silica substrate (permittivity 2.04). Panels (a-c) show the electric field enhancement 
for a c?i=200 nm, ^2=150 nm, D=70 nm system at the resonance wavelength of 1032 nm. 
Panel (a) is a plane cut vertically along the axis of the ring and the disk. Panel (b) is 
a plane in the middle of the structure and panel (c) is along interface between the metal 
and substrate. Panel (d) shows the electric field enhancement on the middle cross section 
of a 200 nm-150 nm ring on substrate at its resonance wavelength of 1009 nm. Panel (e) 
shows the electric field enhancement in the middle cross section of a ring-disk system of 
dimension e?i=200 nm, ^2=150 nm, D=130 nm at the resonance wavelength of 1326 nm. 
All the ring/disks are with a height h=50 nm. On top of each panel is the maximum value 
of electric field enhancement in each plot. 
Metallic nanoring structures are promising substrates for Surface Enhanced Ra-
man Spectroscopy (SERS) and Localized Surface Plasmon Resonance (LSPR) sensing 
applications because of their tunability and ability to provide large and spatially uni-
form field enhancements in the visible and near-IR regions. The reported electric field 
enhancement factor is about 8-10 [6, 97]. The addition of a disk in the center of the 
ring improves the functionality of the ring structure by both introducing additional 
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tunability and by increasing the local electromagnetic field enhancements. In Fig. 6.5, 
we show the calculated field enhancements in two disk-ring systems on a silica sub-
strate. The effect of the substrate is a small redshift of the plasmon resonances due 
to the screening charges induced at the interface between the metal and substrate. 
In Fig. 6.5(a-c), the calculated electric field enhancements for the DBR mode for a 
40 nm gap system are plotted on several cross sectional surfaces of the structures. 
For this large gap distance, the interaction between the ring and disk is very small 
(see Fig. 6.4c). In spite of this, the resulting field enhancement of 23 in the center 
(Fig. 6.5b) is still larger compared to the field enhancement of 18 obtained for an 
individual ring on a substrate (Fig. 6.5d). These numbers would be 23 and 12 if we 
only consider the electric field in the cavities which would be the part of the structure 
most accessible in a chemical sensing application. The electric field enhancement of 
the ring-disk structure is almost homogeneously distributed throughout the cavity, 
while for the ring, the electric field enhancements decrease rapidly towards the center 
of the ring. For a smaller gap such as 10 nm (Fig. 6.5e), the electric field enhancement 
is drastically increased to 120. This is around 10 times larger than what is generated 
inside an individual ring. In Fig. 6.5a, we show the electric field enhancement on 
a vertical cross section through the system. Because the surface charges are mainly 
distributed on the two ends of the ring/disk, the field enhancement could be about 
90 on the top and bottom surfaces even for a 40 nm gap system. This property is 
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illustrated more clearly in Fig. 6.5c, where a maximum field enhancement of 112 is 
obtained along the substrate interface. 
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Figure 6.6 Extinction spectra for a larger ring-disk system and its components on silica 
substrate. Panel (b) shows the extinction spectrum of a combined system with parameters 
of di=400 nm, ^2=360 nm, JD=260 nm. Panel (a) is only for the disk with diameter 
15=260 nm, and panel (c) is showing the extinction spectrum for the bare ring di—A00 nm, 
^2=360 nm. The height of the ring/disk is h=50 nm. The permittivity of silica used in the 
calculation is 2.04 
The fabrication of structures using high-resolution electron beam lithography and 
a negative resist process allows for gap sizes below 30 nm, which will be reported in 
a separate publication. As we will now show, hybridization effects become apprecia-
bly for even larger gaps if the size of the whole structure is scaled up. In Fig. 6.6, 
we calculate the extinction spectra for a larger ring-disk system. For an interacting 
system with a gap size of 50 nm, the DBR mode is appearing at the wavelength of 
2121 nm. The relatively weak interaction still results in a appreciable redshift from 
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the 1927 nm BR mode of the individual ring. The electric field enhancements is also 
increased by presence of the disk. On a surface across the middle of the structure, 
the field enhancement induced by the DBR mode is 43, while for the BR mode it is 
28. As was the case for the disk-ring studied in Fig. 6.4a, the reduced dipole moment 
of the DBR mode results in a a reduction of the radiation damping. This results in 
a narrowing of the plasmon resonance from 0.081 eV for the BR mode to 0.055 eV 
for the DBR mode. The strong tunability of the plasmon resonances of the proposed 
ring/disk structure makes it a promising substrate both as an LSPR sensor and for 
surface enhanced spectroscopies such as SERS. The possibility of tuning the plasmon 
resonances further into the infrared (Fig. 6.6) makes the structure particularly inter-
esting as a substrate for Surface Enhanced Infrared Absorption (SEIRA). Although 
the field enhancements are not sufficiently strong for single molecule spectroscopy, the 
large sensing volume provided by the gap will enable many molecules to be probed 
which results in an increased signal. 
6.1.4 Conclusion 
In conclusion we have shown that the concentric ring/disk system represents a 
highly tunable metallic nanostructure capable of providing large electromagnetic field 
enhancements over a broad range of wavelengths extending from the visible into 
the infrared. The nature of the plasmon resonances can be understood simply as 
hybridization of the plasmon resonances associated with the individual disk and ring. 
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6.2 N o n c o n c e n t r i c n a n o c a v i t i e s 
6.2.1 Introduction 
Metallic nanostructures support plasrnon resonances whose energies can depend 
sensitively on the geometrical shape of the structure. [117, 94, 9, 118] This tunabil-
ity has stimulated considerable experimental and theoretical research, [119, 88, 120, 
90, 121, 122, 123, 124, 125, 126] and has led to the development of many impor-
tant applications in fields ranging from physics to medicine. [97, 127, 128, 129, 130] 
A particularly prominent application is chemical and biological sensing. The large 
electromagnetic field enhancements associated with resonant excitation of plasmons 
can dramatically enhance vibrational spectroscopies such as Surface Enhanced Raman 
Scattering (SERS) and Surface Enhanced Infrared Absorption (SEIRA).[20, 131, 132] 
An important topic in the field of plasmonics is the effect of symmetry breaking. 
For nanostructures that are small compared to the wavelength of incident light, only 
plasmons with finite dipole moments can be excited. For highly symmetric nanostruc-
tures such as a nanoshell, the symmetry breaking induced by a displacement of the 
dielectric core with respect to the metallic shell renders higher order multipolar modes 
dipole active, and therefore visible in the optical spectrum of the particle.[101, 133] 
For such "nanoeggs", symmetry breaking also results in much larger electromagnetic 
field enhancements than are associated with spherical nanoshells. In metamaterial 
applications the symmetry breaking in nanoparticle dimers can introduce interactions 
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that render normally "dark" magnetic modes dipole-active and excitable at optical 
wavelengths. [84, 134] 
A particularly intriguing consequence of symmetry breaking is the appearance of 
Fano resonances caused by the interaction of narrow dark modes with broad bright 
modes. [135, 131, 134] For strong interactions and near-degenerate levels, this coupling 
can lead to a plasmon-induced transparency of the nanostructure[14] an effect quali-
tatively similar to the Electromagnetically Induced Transparency (EIT) phenomenon 
in atomic physics. [136] 
The physical origin of EIT and its characteristic induced Fano resonances can 
be understood simply from the dynamics of a system of coupled damped oscillators 
driven by a force applied to one of the oscillators. [137, 136] The EIT phenomenon 
appears as a dip in the absorption spectrum when incident light couples to a strongly 
damped oscillator, which in turn is coupled to a dark (narrow) weakly damped mode. 
Plasmonic nanostructures represent physically realizable coupled oscillator sys-
tems on the nanoscale. The Plasmon Hybridization (PH) method[77] directly ex-
presses the plasmon modes of a composite nanostructure as the normal modes of a 
system of coupled damped oscillators. The energies and linewidths of the individ-
ual nanoparticle plasmons depend on the nanoparticle geometries and sizes, and the 
interactions between plasmon modes depend on the relative positions of individual 
nanoparticles with respect to each other. 
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The Concentric Ring/Disk Cavity (CRDC) is a highly tunable metallic nanos-
tructure of significant potential as a substrate for surface enhanced spectroscopies 
and waveguiding applications. [99, 138, 139] In a recent paper, [99] we presented an 
investigation of the plasmonic structure and optical properties of this system. We 
showed that the interaction between the dipolar disk and ring plasmons results in a 
hybridized low energy bonding resonance and a higher energy antibonding resonance. 
The higher energy antibonding dipolar mode is superradiant, i.e. it radiates strongly 
because the dipolar plasmons of the individual disk and ring are aligned and oscillate 
in phase. The lower energy bonding resonance is found to be subradiant because the 
individual dipole moments of the disk and ring are aligned oppositely. 
In this paper we examine the effect of symmetry breaking in the CRDC. We con-
sider both (a) displacement of the disk with respect to the center of the ring and 
(b) a ring of nonuniform thickness. We show that such a Non Concentric Ring/Disk 
cavity (NCRDC) can lead to much larger electromagnetic field enhancements than 
for the symmetric system and that higher multipolar modes can become dipole ac-
tive through hybridization. In symmetry-broken structures, the dark quadrupolar 
ring plasmon couples to the superradiant antibonding dipolar disk-ring mode. This 
coupling induces an asymmetric Fano resonance in the extinction spectrum similar 
to the EIT phenomenon. We show that by simply changing excitation angle, the 
incident light can couple directly to the quadrupolar ring mode. This direct coupling 
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interferes with the dispersive coupling between the quadrupolar ring mode and the 
superradiant mode, altering the lineshape of the Fano resonance. As the angle of in-
cidence is changed from perpendicular to grazing, the shape of the Fano resonance is 
continuously modified from a characteristic asymmetric EIT resonance to a symmet-
ric feature. We also show that the spectral position of both the DBR and the Fano 
resonance show a large dependence on the dielectric permittivity of the gap, making 
this geometry extremely promising from the viewpoint of chemical and biomedical 
sensing. 
6.2.2 Symmetry breaking: from concentric to nonconcentric cavity 
The tunability of the CRDC is illustrated in Fig. 6.7. All vertical surfaces of 
the structure are assumed cylindrical. Fig. 6.7a shows the geometry of the cavity 
is defined by four parameters: the inner and outer diameters of the ring d\ and di, 
the diameter of the disk inside the ring D, and the height of the system H. For the 
concentric system, the three cylinder axes that define the structure are identical. For 
the nonconcentric system, the cylinder axis of the disk and inner surface of the ring 
will be offset with respect to the cylinder axis of the outer ring surface by AD and 
Ai, respectively. 
In Fig. 6.7 we show Finite-Difference Time-Domain (FDTD) calculations of the 
extinction spectra dependence on the radius of the disk D for a CRDC. The FDTD 
calculations were performed using a Drude model with a multi-parameter fit to the 
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Figure 6.7 (a) The parameters defining the geometry, (b) Extinction spectra for Ag 
CRDC with di=180 nm, d2=200 nm, #=50 nm as a function of D for, D=100 (black), 130 
(purple dotted), 150 (blue dashed), 160 (green dash-dotted), and 170 nm (red dash-dot-
dotted). The inset shows a structure fabricated using EBL with 24 nm gap size. 
experimental permittivity data for Ag.[51] Each spectrum exhibits two resonances, a 
narrow low energy Dipolar Bonding Resonance (DBR) formed from the antisymmetric 
alignment of the dipolar plasmon modes of the disk and ring, and a broad, high energy 
Dipolar Antibonding Resonance (DAR), where the disk and ring dipoles oscillate in 
phase. [99] As the gap between the disk and the inner surface of the ring becomes 
smaller, the interaction between the disk and ring modes increases, resulting in a 
strong redshift of the DBR. The narrowing of the DBR with increasing D is due to 
a more efficient cancellation of the dipole moments of the individual disk and ring. 
The figure also shows the expected broadening of the DAR with increasing D. While 
gap sizes down to 10 nm are certainly achievable using top-down nanofabrication 
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techniques, strong hybridization occurs already for significantly larger gaps if the size 
of the structure is scaled up, allowing more freedom in the investigation of systems 
with broken symmetry, as we now show. 
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Figure 6.8 Extinction spectra for Ag CRDC (dashed lines) and NCRDC (solid lines). 
The dimensions are di—5A0 nm, ^2=600 nm, D=450 nm, H=75 nm. The offset parameters 
are Ao=30 nm (a), Ai=15 nm (b), and Ax>=45 nm and Ai=15 nm (c). The insets show 
the electric field enhancements on the top surfaces at the resonance wavelengths. 
Figure 6.8 shows the effect of symmetry breaking by changing the offset parameters 
AD and Ai. The major effects are a redshift of the DBR and the appearance of a 
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narrow asymmetric Fano resonance in the broad DAR. Now the interaction between 
the disk and ring modes is no longer diagonal in the multipolar indices. Since the 
dipolar ring resonance is the lowest energy mode in the system, this mode can now 
interact with all higher multipolar disk resonances. The redshift of the DBR is caused 
by this interaction and is analogous to the redshift observed for the bonding dipolar 
nanoegg resonance with increasing core offset. [101, 133] The slight blueshift of the 
DAR is caused by the interaction of the dipolar disk resonance with the quadrupolar 
ring mode at slightly lower energy. The Fano resonance results from the interaction of 
the DAR with the quadrupolar ring resonance and will be discussed in detail below. 
The increased interactions between the plasmon resonances of the ring and the 
disk also result in larger field enhancements. For the concentric system in Fig. 6.8, the 
field enhancement for the DBR is 140 and for the DAR is 10. For the nonconcentric 
structure in Fig. 6.8a, the corresponding values are 250 and 50, respectively. For the 
structure with a nonconcentric ring in Fig. 6.8b, the enhancements are 50 and 20, 
and for the structure in Fig. 6.8c, the values are 260 and 60. 
6.2.3 EIT in plasmonic system 
In Fig. 6.9 the extinction spectra for the NCRDC shown in Fig. 6.8a are shown as 
a function of overall size of the system, with all dimensions scaled by the same factor. 
In Fig. 6.9a, the scaling factor is 1/6 corresponding to c?2=100 nm. This structure 
lies in the electrostatic limit (all dimensions much smaller than the wavelength of 
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Figure 6.9 Extinction spectra for the NCRDC in Fig. 6.7a but with dimensions scaled 
down by a common factor rj: 77=1/6 (a), 1/3 (b), 1/2 (c), and 1 (d). 
the incident light), where the extinction spectrum is scale invariant. In this limit the 
spectrum displays three resonances, the DBR at 0.66 eV, the DAR at 2.50 eV and 
a small peak at 1.24 eV originating from the Quadrupolar Ring (QR) mode. The 
appearance of the 1.24 eV feature is due to the interaction of the QR ring mode with 
the dipolar disk mode, rendering the mode dipole active. This is analogous to the 
appearance of hybridized higher multipolar resonances in the nanoegg particle. [101, 
133] 
For a larger structure, shown in Fig. 6.9b-d, the superradiant DAR redshifts and 
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broadens even further due to dynamical depolarization and radiation damping. The 
quadrupolar mode is much less affected by phase retardation and redshifts only very 
weakly. For the large systems depicted in Fig. 6.9c and 6.9d, the DAR has broadened 
sufficiently to overlap the QR mode. In this regime, the conditions for EIT are satisfied 
and the QR appears as a narrow asymmetric Fano resonance in the broad continuum 
of the superradiant DAR mode. The width of the Fano resonance is determined by 
the width of the QR resonance, i.e., the intrinsic width without radiation damping. 
The asymmetric shape is a result of dispersive coupling between a broad bright mode 
and a nonresonant dark mode. [136] If the two modes would have the same oscillator 
frequency, the interference would result in a symmetric dip, i.e. transparency. 
To understand the spectral features of the system, we analyze the FDTD spectra 
using the PH method which has recently been extensively reviewed. [77] While the 
PH concept has been rigorously derived only in the electrostatic limit, it can also be 
applied qualitatively to describe the microscopic nature of the hybridized plasmon 
modes in large systems where retardation effects play an important role. [96, 103, 140, 
141] 
In Fig. 6.10, we show the plasmon hybridization of the NCRDC discussed in 
Fig. 6.8a for perpendicular incidence. Panels (a) and (c) are the extinction spectra 
for the individual disk and ring and panel (b) shows the spectrum of the interacting, 
hybridized system. This figure clearly confirms the nature of the DBR and DAR as 
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Figure 6.10 PH diagram for the NCRDC in Fig. 6.8a for perpendicular (solid) and 
parallel (dashed) incidence. Extinction spectra are for the individual disk (a), NCRDC (b) 
and ring (c). The insets are the charge distributions on the top surfaces at the corresponding 
resonance energies. The red dotted lines indicate the dipolar interactions resulting in the 
DBR and DAR modes. The blue line depicts the interaction between the QR and dipolar 
disk mode responsible for the Fano resonance. 
bonding and antibonding combinations of the dipolar ring and disk resonances. The 
Fano resonance at 0.93 eV is a bonding state formed by the interaction of the QR 
and quadrupolar disk (not shown) resonances with a small admixture of the dipolar 
disk mode. The quadrupolar resonances of thin disks and rings cannot be excited 
for perpendicular incidence. To shed light on the dark QR resonance responsible for 
the Fano resonance at 0.93 eV, we show the extinction spectra for the individual 
ring for parallel incidence in Fig. 6.10c. Because of the finite speed of light, when a 
pulse hits a circular structure from the side, only part of the structure is polarized, 
and the instantaneous polarization of surface charges can be expanded in a series of 
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multipolar resonances. [142] This leads to finite excitation probabilities for the higher 
multipolar resonances, as shown by the dashed spectra in Fig. 6.10c. 
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Figure 6.11 Extinction spectra of the NCRDC in Fig. 6.8a as a function of angle of 
incidence 0 denned in the inset. The charge amplitude plots in the panels to the right show 
the symmetry of the higher multipolar modes at their resonance wavelengths. 
In Fig. 6.11 we show extinction spectra for the NCRDC as a function of incidence 
angle, as defined in the inset. For perpendicular polarization, the lineshape of the 
QR induced Fano resonance is of the characteristic asymmetric form that results from 
a dispersive coupling of the dark, narrow oscillator mode with a strongly damped 
oscillator of slightly higher frequency. As the incident angle becomes more grazing, 
the lineshape of the Fano resonance becomes more symmetric. This happens because 
the dark QR now couples directly to the incident light. Such a change in the lineshape 
of the Fano resonance can be modeled very simply by generalizing a two oscillator EIT 
77 
model[136, 14] to include a force of varying amplitude and phase on the dark oscillator. 
For the largest angle of incidence, the extinction spectrum also reveals octupolar and 
higher order multipolar hybridized modes as expected from the increasing role of 
phase retardation. [142] 
1500 2500 3500 
Wavelength (nm) 
Figure 6.12 Effect of partially (a) and completely (b) filling the NCRDC cavity with a 
dielectric material (indicated by the yellow volumes in the inset) on the extinction spectrum, 
od permittivity 1 (black solid), 1.5 (blue dotted), and 3 (green dashed). The structure is 
placed on a glass substrate modeled using a permittivity of 2.04. 
The interference phenomenon underlying the formation of the Fano resonance is 
likely to be strongly influenced by screening mediated by the presence of molecules 
in the cavity. Thus the NCRDC may serve as a highly efficient localized surface 
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plasmon resonance (LSPR) sensor geometry. In Fig. 6.12, we compare the extinction 
spectra calculated for perpendicular incidence for a NCRDC on a glass substrate 
with two different dielectric insertions of different permittivities. The figure clearly 
shows large redshifts of both the DBR and the Fano resonances. The magnitude of 
the Fano resonance is also strongly enhanced due to the screening of the interaction 
of the QR and DAR mediated by the dielectric. To provide estimates of the LSPR 
sensitivity for the asymmetric Fano resonance we define its wavelength/energy as 
the average of the wavelengths/energy of the shorter wavelength anti-peak and the 
longer wavelength peaks and its full width as the difference of the energies of the 
two features. For a complete dielectric filling of the cavity the, LSPR shifts are 
541 nm/RIU for the Fano and 1152 nm/RIU for the DBR. Since both resonances 
are very narrow, (Fano: FWHM=32 meV, DBR: FWHM=19 meV) the relevance of 
the modes for LSPR sensing is better quantified using the Figure Of Merit (FOM) 
introduced by van Duyne and coworkers. [21] The corresponding FOM are 8.34 for the 
Fano resonance and 7.32 for the DBR resonances. For partial insertion of a dielectric 
into the cavity (Fig. 6.12a), the FOM is 2.25 for the Fano and 5.35 for the DBR 
showing that a high LSPR sensitivity is also obtained for molecules located only in 
the narrowest part of the junction between the ring and the disk. For the CRDC, 
the FOM is 5.44 for a complete filling of the cavity. The calculated FOM are among 
the highest reported for a finite nanostructure and clearly shows the importance of 
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employing subradiant plasmonic states in LSPR sensing. 
6.2.4 Conclusion 
In conclusion, we have investigated the effect of symmetry breaking in a plasmonic 
ring/disk cavity. For a concentric arrangement, the two major optically active plas-
mon resonances are a subradiant bonding and a superradiant antibonding resonance 
formed by the interaction of the dipolar modes of the disk and the ring. For a non-
concentric alignment, the quadrupolar ring resonance interacts with the dipolar disk 
resonance and an asymmetric Fano resonance appears in the extinction spectrum. 
We show that by varying the angle of incident light, the shape of the Fano resonance 
is altered and the resonance appears as a symmetric peak. Furthermore, we demon-
strate that the spectra of the symmetry broken system display an unusually large 
LSPR sensitivity and may provide an efficient platform for LSPR sensing. 
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6.3 Optical sensing using nanocavities 
6.3.1 Introduction 
Research on the optical properties of metallic nanostructures supporting localized 
surface plasmon resonances has nourished over the last decade, spurred by advances 
in nanofabrication, nano-optical characterization, and improvements in full-field com-
putational electromagnetics. This has lead to the emergence of the field of nanoplas-
monics [107, 130, 12, 143]. Plasmon resonances of isolated nanostructures can be 
tuned throughout the visible and near-infrared part of the spectrum with particles of 
simple geometrical shapes such as disks, triangles, rods and rings [144, 145, 6]. This 
wide parameter space for the creation of optical modes with often deep subwave-
length effective mode volumes [119, 146] holds the promise for nanoplasmonics to 
develop into a disruptive technology for applications ranging from surface enhanced 
spectroscopies [108, 147, 148] to nanoshell-based cancer therapies [149]. 
The richness of the optical response of a metallic nanostructure of a given shape 
depends in the first instance on its characteristic size d. In the quasi-static regime 
with rf < A, where A is the wavelength in the surrounding dielectric, the nanos-
tructure shows mainly a dipolar-like response. However, also higher-order resonances 
can be made to couple to an incident electromagnetic field if the symmetry of the 
structure is broken, allowing a mixing between otherwise dark multipolar modes with 
the bright dipolar modes [101]. This has recently been exploited in a metamaterials 
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context [102, 103, 150, 134]. An increase in size beyond the quasi-static limit on 
the other hand makes higher-order modes directly dipole-active due to retardation 
effects [104, 142], varying with the angle of incidence of the illuminating radiation. 
An even richer spectral response emerges in more complex structures consisting of 
multiple metallic elements separated by nanoscale dielectric gaps, which within the 
plasmon hybridization framework [27] can be decomposed into bonding and antibond-
ing type combinations of the constituent fundamental plasmon resonances (dipolar 
and higher), leading in essence to plasmonic molecules. 
Plasmonic nanostructures therefore act as physically realizable classical oscillator 
systems on the nanoscale, which apart from their application potential makes them 
model systems for a variety of fascinating physical processes. For example, in struc-
tures with broken symmetry, Fano resonances can appear due to the interaction of 
narrow dark modes with broad bright modes. This phenomenon has been theoretically 
investigated for a variety of structures ranging from particle lattices and split-ring 
type structures to nanowire arrays and particle dimers [131, 102, 134, 135, 16]. For 
strongly coupled systems and near-degenerate levels, the asymmetric Fano lineshape 
will evolve into a plasmonic-induced optical transparency of the nanostructure [14], 
in a classical analogue [136] to the well-known phenomenon of electromagnetically 
induced transparency (EIT) of atomic physics. 
We have recently described a plasmonic nanostructure with a particularly high 
82 
tunability, the concentric ring/disk cavity (CRDC) [99]. This structure sustains both 
subradiant and superradiant dipolar modes set up via hybridization of individual disk 
and ring plasmons. The subradiant mode exhibits a substantially narrower linewidth 
and higher field enhancement than the parent plasmons. A significant potential for 
surface enhanced spectroscopies both in the visible and at the same time in the 
near/mid-infrared was identified, due to a highly tunable spectral separation of the 
dipolar modes. The field enhancement is further increased when the symmetry of the 
structure is broken, and higher order multipolar modes become dipole-active. Such a 
nonconcentric ring/disk cavity (NCRDC) additionally exhibits a highly tunable Fano 
resonance in the extinction spectrum, similar to the EIT phenomenon [15]. 
In this publication, we discuss the tunability of the plasmon resonance spectrum 
of both CRDCs and NCRDCs in detail, with a viewpoint of applications in surface 
enhanced spectroscopies and localized surface plasmon resonance (LSPR) refractive 
index sensing. To this end, we quantify the attainable field enhancements for cavities 
on substrates, and the refractive index sensitivities, of both dipolar and Fano-type 
modes in the visible, near-, and mid-infrared. We further elucidate the fundamental 
physics of this oscillator system in a description based on plasmon hybridization. 
6.3.2 Results and Discussion 
We start our discussion with the modal properties of the symmetric system, the 
CRDC. The geometry is defined by four parameters as in Figure 6.13(a): the inner 
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Figure 6.13 (a) Geometry of a concentric ring/disk cavity (outer ring diameter e?2> inner 
diameter d\, disk diameter D, and height H). (b) Hybridization diagram for a Au structure 
in vacuum with di — 200 nm, d\ — 100 nm, D = 80 nm and H = 50 nm obtained using 
FDTD simulations of the extinction cross section of the combined cavity (center panel) and 
the individual structures (left and right panel). The subradiant (DBR) mode below 1.5 eV 
for the combined structure results mainly through bonding-type hybridization of oppositely 
aligned (bonding) ring and disk dipoles. The superradiant (DAR) mode around 2.0 eV 
is mainly a bonding combination of the (antibonding) ring dipole and the primitive disk 
dipole. 
and outer diameters of the ring d\ and c^, the diameter of the inner disk D, and 
cavity height H. For a finite size of the gap between disk and ring, we hence have 
D < d\ < G?2- No significant dependence of the extinction spectra on the detailed 
shape of the cross section was found, hence a simple perfect cylindrical shape is used 
throughout for the modeling. For all structures presented in our discussions, the metal 
of choice is Au, due to its amenability for surface functionalization with a viewpoint 
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to molecular sensing. 
We have previously shown that the extinction spectrum of a CRDC in vacuum 
can be well explained as the hybridization of individual disk and ring plasmons [99]. 
The basic concept is illustrated in the extinction spectra of Figure 6.13(b) for a 
structure with d2 = 200 nm, d\ = 100 nm, D = 80 nm and H = 50 nm. The left 
and right panels show the extinction spectra of the individual structures, with the 
dipolar disk mode and the bonding ring mode [6] clearly visible. The intensity of the 
high-energy antibonding dipolar ring resonance, characterized by an antisymmetric 
alignment of the surface charges on the inner and outer ring walls, is as expected very 
weak compared to the low-energy bonding ring resonance, due to its low coupling to 
the electromagnetic field and the influence of interband damping. The symmetries of 
the modes are clearly revealed in the pictures of the respective modal surface charge 
distributions, shown in the inset. The center panel shows the extinction spectrum of 
the combined system with two modes set up via hybridization of individual disk and 
ring dipolar plasmons, indicated with dotted lines. The broad hybridized resonance 
around 2.0 eV is mainly a bonding combination of the antibonding ring dipole and 
the disk dipole. We will refer to this mode as the DAR mode. The width of this 
mode is increased compared to the widths of the individual disk and ring plasmons, 
hence the DAR mode has a superradiant character. For the structural parameters 
discussed here, the width of the DAR mode is 0.38 eV, compared to a width of 0.32 eV 
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of the disk dipole. We point out that the antibonding combination of the disk and 
the antibonding dipolar ring mode is not visible in the extinction spectrum due to 
the strong damping at high energies. 
Conversely, the mode below 1.5 eV, referred to as the DBR mode, results from 
a bonding combination of the disk dipole and the bonding-type ring dipole. Due to 
the opposite alignment of disk and ring dipole for this combination, the net dipole 
moment of the hybridized mode is reduced, and it is of subradiant character. In this 
case, the radiative width is reduced to 0.16 eV, compared to that of 0.37 eV for the 
bonding ring dipole. This line narrowing, due to the decrease in radiative damping, 
should result in a high field enhancement and also a large sensitivity for changes in 
the refractive index of the environment. 
In order to quantify the potential of a CRDC cavity for surface enhanced Raman 
scattering (SERS) at visible and near-infrared frequencies, surface enhanced infrared 
absorption spectroscopy (SEIRA) in the mid-IR, and LSPR sensing, we now quantify 
both the attainable field enhancement and frequency tunability of the DBR and DAR 
resonances for cavities on a silica substrate with s = 2.25. While the hybridization 
of the individual ring and disk plasmons in the combined cavities and the changes 
in radiative width are most clearly illustrated in the plots of extinction versus en-
ergy/frequency as in Figure 6.13, we now switch to a description of the spectral 
position of the resonances in terms of wavelength, in order to aid the assessment of 
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Figure 6.14 (a) Extinction spectrum of a Au CRDC of same dimensions as in Fig-
ure 6.13 but on a silica substrate (e = 2.25). The DAR and DBR hybridized modes fall into 
the visible (679 nm) and near-infrared (1001 nm) part of the spectrum, (b) Electric field 
enhancement for the DAR mode in cut-planes through the symmetry axis of the system 
(top), and cross sections at medium height H/2 (lower left), and at the substrate interface 
(lower right), (c) Ditto for the DBR mode. The maximum field enhancement is indicated 
above each plot. 
molecular sensing applications. We start with a quantification of the enhancement 
of the electric field for a cavity of the same dimensions as the CRDC presented in 
Figure 6.13. The extinction spectrum is shown in Figure 6.14(a), and the electric field 
distribution of both the DAR and the DBR modes in various cut-planes in panels (b) 
and (c), respectively. As expected, both modes show a slight redshift compared to 
the vacuum case, due to the fact that parts of the mode energies now reside in the 
higher permittivity substrate. Both the DAR and the DBR mode show large field 
enhancements in the 10 nm circular gap between the disk and the ring, due to the 
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high spatial squeezing of the mode, akin to metal/insulator/metal waveguides [151]. 
We point out that the field enhancement is significantly higher than that of both 
individual disks and rings even for larger gap sizes than those presented here [99]. 
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Figure 6.15 Structural Tunability of DAR and DBR modes for a Au CRDC with 
H—50 nm on silica, (a) Ring fixed with di=100 nm, ^2=200 nm, and varying disk diameter 
D—80 nm (solid black), 60 nm (dashed red), and 40 nm (dash-dotted blue), (b) Disk and 
outer ring diameter fixed with D =80 nm, e?2=200 nm, and varying inner ring diameter 
di=100 nm (black), 120 nm (dashed red), and 140 nm (dash-dotted blue). 
The large field enhancements and spectral separation between the DAR and DBR 
modes suggests the potential usage of a CRDC as a multi-sensing platform, where 
both resonances overlap with excitation laser lines for SERS, and possibly also for 
SEIRA, if the DBR mode can be made to redshift further towards the mid-infrared for 
practically realizable structures. We now analyze this possibility in both Figures 6.15 
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and 6.16. The shifting of the two dipolar resonances with changes in the geometric 
parameters ok, d\, and D is most intuitively understood for the case of fixed ring 
geometry and varying disk diameter D, shown in Figure 6.15(a) for d\ = 100 nm 
and o?2 = 200 nm. A widening of the gap due to a decrease in disk diameter from 
D = 80 nm (solid black curve) to 60 nm (dashed red curve) and finally 40 nm 
(dash-dotted blue curve) results in a blueshift of both DAR and DBR modes and a 
diminishing of their superradiant and subradiant characters, respectively, as expected 
due to the decrease in interaction strengths and hence hybridization between the 
individual disk and ring plasmons. For fixed disk and outer ring diameter, but varying 
inner ring diameter, the strong dependence of the dipolar ring plasmons on ring width 
6?2 — di [6] has to be taken into account. The redshift of the bonding dipolar ring 
mode, and the blue shift of the antibonding dipolar ring mode, for increasing d\ 
competes with the spectral shifts induced by the diminishing hybridization between 
disk and ring modes. For a structure with D — 80 nm and d% — 200 nm, the net 
result for an increase of d\ from 100 nm (black curve) to 120 nm (dashed red curve) 
and 140 nm (dash-dotted blue curve) results in a redshift of the DBR and a blueshift 
of the DAR mode, as shown in Figure 6.15(b). Increasing the parameter space for 
variations in d\ and D while keeping the outer diameter fixed to o^ = 200 nm, it can 
be shown that the whole spectral region between 600 and 1200 nm, relevant for SERS, 
is accessible for the DAR and DBR resonances. It is illuminating to note that for 
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rings of smaller widths, the DBR mode shows significant shifts further out towards the 
mid-infrared, while the DAR mode, mainly composed of the dipolar disk resonance 
for larger gaps, stays within the visible frequency window, as shown in the extinction 
spectra of Figure 6.16a for a number of examples. An increase the total size of the 
structure (Figure 6.16a, bottom curve) further allows for the DBR resonance to move 
to mid-infrared frequencies due to retardation effects, making therefore also the local 
enhancement of radiation in this spectral window possible, for applications in SEIRA. 
The broad DAR resonance spanning parts of the visible and near-IR regime and the 
sharp DBR resonance in the mid-IR of the ring/disk cavity make this structure a 
strong candidate as a common substrate for SERS and SEIRA. Figure 6.16(b-e) are 
showing the electric field enhancement on the interface surface between the CRDC 
and the dielectric substrate for the bottom two structures in Figure 6.16a. 
The enhancement of the electric field can be further increased by breaking the 
symmetry of the system, which we will now analyze for a NCRDC with a displacement 
of the disk center by S in relation to the center of the ring. A first example is shown 
in Figure 6.17, which similar to Figure 6.14 shows both extinction spectra and the 
distribution of the electric field in various cut-planes, for a Au NCRDC on silica with 
d2 = 540 nm, di = 480 nm, D = 390 nm, H = 75 nm, and 6 — 30 nm. The concentric 
system exhibits the subradiant DBR mode at a wavelength of 2644 nm and the 
superradiant DAR mode at 1372 nm, respectively, as shown in the extinction spectrum 
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Figure 6.16 (a) Tunability of the CRDC through the near-infrared and towards the 
mid-infrared, (b-e) show the electric field enhancement at the substrate interface, (b) and 
(c) are respectively for the DAR (A=755 nm) and DBR (A=2101 nm) modes of the the 4th 
system in (a), (d) and (e) correspond to the DAR (A=2266 nm) and the DBR (A=3620 nm) 
resonances for the 5th system in (a). The maximum value of the field enhancement is shown 
on top of each plot. 
(Figure 6.17a, dotted curve). The associated field distributions and maximum field 
enhancements for both modes are shown in panels (b) and (c), with maximum field 
enhancements of 21 for the DAR and 61 for the DBR, respectively. For the symmetry-
broken system (solid curve in panel (a)), both modes show a slight redshift, and 
additionally a Fano-type asymmetric interference profile appears within the broad 
DAR mode, due to the overlap with a narrow quadrupolar ring resonance (QR), 
as will be discussed further below. As can be intuitively expected, the maximum 
enhancement of the electric field increases with respect to the concentric system, 
at the position of decreased gap size, as shown in panels (d) and (e) for the Fano 
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Figure 6.17 (a) Extinction cross section for a CRDC (dashed line) and NCRDC (solid 
line) Au cavity on a silica substrate (#=75 nm, G?2=540 nm, dj=A80 nm, D=390 nm, offset 
of 30 nm between disk and ring center for NCRDC). For the CRDC, (b) and (c) show electric 
field enhancements for the DAR and DBR modes at 1372 and 2644 nm, respectively. For 
the NCRDC, (d) and (e) show electric field enhancements for the Fano resonance and the 
DBR mode at 1431 and 2748 nm, respectively. Each of these four panels show cut-planes 
through the symmetry axis of the system (top), the cross sections through the middle at 
H/2 (lower left), and at the substrate interface (lower right). 
resonance (35) and the DBR mode (81). 
We now shift our focus to an analysis of the Fano-type interference phenomenon, 
in terms of its spectral tunability, attainable field enhancement, and refractive index 
sensitivity. As mentioned above, it results from the overlap of the broad DAR mode 
with a narrow QR mode [15], which is clearly shown using a hybridization diagram 
akin to Figure 6.13(b), but now for a symmetry-broken NCRDC. This is presented in 
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Figure 6.18 Hybridization diagram for the NCRDC in Figure 6.17. The solid lines 
correspond to extinction cross sections obtained for normal incidence, and the dashed lines 
for those obtained using illumination under grazing incidence angle. For the individual disk 
(left) and ring (right), charge distributions at the resonance frequencies of the dipolar and 
quadrupolar mode are plotted under grazing incidence illumination. The center panel shows 
the extinction spectra of the combined structures, and the charge distributions show the 
DAR, DBR, and bonding quadrupolar mode obtained under normal incidence illumination. 
Figure 6.18, for a cavity with the same geometric parameters as that of Figure 6.17. In 
order to reveal the QR mode for the individual ring cavity, the extinction spectra are 
shown both for illumination under normal incidence (solid curves), and under grazing 
incidence (dotted curves), which reveal higher-order modes of symmetric structures 
due to retardation effects [142]. The symmetries of the modes are clearly revealed 
in the insets showing the associated surface charge distributions. For the NCRDC 
(middle panel), the overlap of the broad DAR mode with the sharper QR mode of the 
ring around 0.9 eV satisfies the conditions for EIT, which leads to the appearance of 
the QR as a narrow asymmetric Fano lineshape in the broad continuum of the DAR. 
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This phenomenon generally occurs in classical oscillator systems with a dispersive 
coupling of a bright, broad continuum-like mode and a sharper, dark mode [136]. 
Our interpretation is backed up by the charge distributions obtained at the respective 
features of DBR, DAR, and bonding QR resonances. 
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Figure 6.19 Structural tunability of the Fano resonance. The dashed lines show extinc-
tion spectra for a CRDC on silica with ^2=540 nm, <ii=480 nm, D—390 nm, and H=75 nm. 
The solid lines show extinction spectra for the NCRDC, with the associated field distribu-
tions at the Fano and DBR resonances at the substrate interface. In (a), the center of the 
circle outlining the inner surface of the ring is offset by 30 nm compared to that of the 
outer surface. In (b), this offset is 15 nm, and additionally the center of the disk is offset 
by 45 nm. 
Apart from creating an offset S between the respective centers of the disk and 
the ring, symmetry-breaking can also be achieved via an asymmetry in the width 
of the ring, achieved via an offset between the centers of the circles outlining the 
Max:82 
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inner and outer ring surfaces. Representative examples are shown in Figure 6.19, 
which show extinction spectra both for a CRDC with the same geometric parameters 
as that described in Figure 6.17 (dotted curves), and for two distinct NCRDCs. In 
panel (a), the centers of the rings outlining the inner and outer ring surfaces show 
an offset of 30 nm, while in panel (b) this offset is 15 nm, with an additional disk 
offset 6 = 45 nm. The insets show the respective electric field distributions both at 
the position of the Fano resonance and the DBR. Using various combinations of these 
two geometric variations to break symmetry, it is clear that the spectral position of 
the Fano resonance can be tuned throughout the near-infrared spectral region, with 
associated substantial field enhancements (shown in the insets). 
The higher order modes responsible for the Fano-type interference phenomena in 
symmetry-broken structures are of course also relevant for a CRDC illuminated at an 
angle. In this case, higher-order modes are directly excited due to retardation effects, 
akin to those previously described for single rings [142]. Because of the finite speed 
of light, when a wave hits the structure from the side, only part of it is polarized, and 
the instantaneous polarization of surface charges can be expanded as a superposition 
of multipolar resonances. This leads to the excitation of the multipolar plasmon reso-
nances of a disk/ring cavity without breaking the geometrical symmetry. We mention 
this fact as these higher order modes also show a significant field enhancement, as 
shown in Figure 6.20 for the CRDC described previously in Figure 6.17. In the inset 
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Figure 6.20 Extinction spectra of a CRDC on a silica substrate for different incident 
angles 0 = 0° (a), 45° (b) and 90° (c) as defined in the inset. The geometric parameters of 
the system are d,2=5A0 nm, di=480 nm, D=390 nm and H=75 nm. The local electric field 
enhancement along the substrate interface are plotted at the resonance frequencies. For 
panel (a), field enhancements are shown for the DBR (2645 nm) and DAR (1372 nm). For 
panel (b) and (c), the field enhancements are for dipolar (2645 nm), quadrupolar (1411 nm) 
and octupolar (1008 nm) resonances. Maximum values are shown on top of each plot. 
of panel (a), we define the incident angle 0 as the angle between incident direction 
and the axis of the CRDC. The polarization is always perpendicular to the axis of the 
structure. For normal incident angle 0 = 0°, just as shown before, two characteristic 
resonances, a low energy sharp DBR mode and a high energy broad DAR mode ap-
pears in the spectrum. As 9 increased to 45° (b), sharper features appear within the 
broad DAR resonance. The insets depicting electric field enhancement contour plots 
reveal these features as bonding multipolar resonances of the ring-disk cavity, with 
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maximum field enhancements on the order of 30 for this specific set of geometrical 
parameters. As 9 increases to 90° (c), i.e. grazing incidence, several modes of higher 
multipolar orders are clearly visible in the extinction spectrum. It is interesting to 
note that the maximum enhancement of the electric field increases with increasing 
illumination angle for the multipolar modes, but decreases for the DBR, due to its 
dipolar nature. This can be intuitively understood by decomposing the excitation 
pulse charge distribution into a set of multipolar orders, noting that the overlap with 
a dipolar charge distribution decreases as the illumination direction moves from nor-
mal to grazing incidence. The large electric field enhancements for the multipolar 
bonding modes at visible frequencies and the DBR resonance in the mid-IR suggest 
that the concentric ring-disk cavity can be utilized as a common substrate for SERS 
and SEIRA particularly well with angular incidence illumination, i.e. highly focused 
beams. 
We now turn to a more quantitative description of the Fano interference phe-
nomenon using an analytic model for the absolute value of the polarizabilities of our 
cavity structures. Recent studies have shown that the amplitude of transmission 
or reflection of a plasmonic lattice can be well described by a Fano-type lineshape 
[152, 135]. In the following, we demonstrate that the absolute value of the polariz-
abilities | a| of disk, ring, and CRDC can also be expressed using a Fano interference 
model. To this end, we first obtain the normalized charge distribution p(x, u) by eval-
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Figure 6.21 Polarizability of disk, ring and their combinations. Black solid lines are 
calculated from FDTD, and red dashed lines are the analytical Fano interference model 
described in the main text, (a) is polarizability for gold disk in vacuum with D — 130 nm, 
H = 50 nm. The parameters are : ar = 0.0011, b\ = 0.0050, Ti = 0.1784 eV, ui = 
2.1072 eV. (b) Polarizability of a gold ring with d2 = 200 nm, di = 150 nm, H = 50 nm. 
The fitting parameters are : ar = 0.0021, bx = 0.0247, Tx = 0.1139 eV, ui = 1.2992 eV. (c) 
Polarizability for the concentric combination of above two. Dot-dashed blue lines are the 
plot of individual poles. The parameters are : ar = 0.0023, b\ — 0.0093, Ti = 0.2575 eV, 
wi = 1.9432 eV, & = 0°, b2 = 0.0198, T2 = 0.0425 eV, u2 = 0.951 eV, <f>2 = 36.5°. 
uating the divergence of the normalized electric field E(x, LJ)/EO(U), which is acquired 
from a Fourier transformation of E(x, t) in our FDTD simulations. Then the polar-
izability a is calculated via a volume integration <3(u;) = / xp(x,u>)d3x. Figure 6.21 
shows plots for \a\ as a function of energy. The black curves in panels (a-c) are the 
FDTD calculated polarizabilities |a| for a disk, a ring, and a CRDC, respectively, 
with geometrical parameters H=50 nm, D=130 nm, d2=200 nm, and di=150 nm. 
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The DAR and DBR modes are clearly visible. 
The calculated polarizabilities may now be fitted with an analytical Fano inter-
ference model: 
j UJ - UJj + llj 
where ar is the constant amplitude of the background, bj and <pj specify the am-
plitudes and the phases of each plasmon eigenmode, and u>j and Tj represent their 
resonance energies and linewidths. For the individual disk and the ring shown in 
Figures 6.21(a) and (b), the polarizabilities \a\ can be described by a single plasmon 
mode, neglecting the low-intensity antibonding ring mode. The fits are almost indis-
tinguishable from the FDTD results. For the CRDC shown in Figure 6.21(c), two 
modes representing the DBR and DAR have to be used in Eq. (6.1) and are shown 
with the blue-dash-dotted lines. Also in this case, a very good agreement with the 
FDTD results is obtained. The linewidth of the DBR mode of 0.0425 eV is signif-
icantly reduced from that of the ring (0.1139 eV), characteristic of its subradiant 
nature. Conversely the DAR mode shows an increased linewidth of 0.2575 eV. 
For the NCRDC, symmetry breaking enables direct excitation of the QR mode. 
To account for this, an additional mode is included in the interference model Eq. (6.1). 
Figure 6.22(a) compares the FDTD polarizability with a 3-pole Fano model Eq. (6.1) 
with parameters described in the caption. As for the concentric system in Figure 6.21, 
an excellent fit is obtained. The contributions from the individual resonances are 
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Figure 6.22 (a) Fitting of the absolute value of the polarizability of a NCRDC in vac-
uum (d2=M0 nm, c?i=480 nm, £>=390 nm, #=75 nm, and (5=30 nm): FDTD (black) and 
3-pole Fano model (red dashed). The parameters are: ar=-0.0026, fci =0.0192, ri=0.061 eV, 
wi=0.9259 eV, fa = 0°, 62=0.0135, r2=0.4124 eV, w2=1.0306 eV, fa = 211°, 63=0.0316, 
r3=0.0289 eV, w3=0.5038 eV, fa = 263°. Blue dot-dashed lines are the individual 
modes. Insets are the charge distribution of each mode. DAR (A=1210 nm), quadrupole 
(A=1340 nm), DBR (A=2470 nm). (b) Fitting of the FDTD extinction spectrum (black) 
using the Alzar model (red dashed) using the same mode energies Wj, and damping factors 
Tj. The coupling coefficient between the superradiant mode and quadrupolar is 0.15, and 
the force applied on the superradiant and subradiant mode is 2.5 and 1.0. 
shown by the blue dash-dotted lines. The microscopic nature of the three relevant 
modes is further corroborated via their surface charge distributions as plotted in the 
inset. The overlap of the spectrally sharper QR with the continuum of the DAR mode 
is clearly visible. 
The plasmonic Fano interference phenomenon can also be modeled using a spring-
mass model developed by Alzar and co-workers [136]. A fit to the FDTD extinction 
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spectrum is shown in Figure 6.22(b) (dashed red curve), using the same plasmon mode 
energies u>i and damping factors Tj as used for the polarizability fit in Figure 6.22(a). 
The excellent agreement with the FDTD results obtained using this mechanical model 
is noteworthy. 
(b| 
Wavelength (nm) 
Figure 6.23 Structural tunability of Fano resonances. The dotted lines are the extinc-
tion spectrum of a NCRDC on silica with ^2=540 nm, di=480 nm, £>=390 nm, H=75 nm, 
and 8=30 nm. The red lines are the extinction spectra resulting from a change of the 
structural parameters: (a) 8=15 nm, (b) H=36 nm, (c) di=510 nm, (d) c?2=600 nm, (e) 
di=540 nm and d2=Q00 nm, and (f) D — 360 nm. 
We finish this discussion with a glimpse of the wide amount of spectral tunability of 
the Fano interference feature as the coupling conditions between the three resonance 
channels DAR, DBR, and QR, are varied, achieved via changes in the respective 
geometrical parameters of the disk and ring forming a NCRDC. Figure 6.23 shows a 
number of representative examples outlining how changes in S, H, di, d2, and finally 
D affect the extinction spectra. 
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Figure 6.24 Refractive index sensitivity for concentric and nonconcentric ring/disk 
cavity. Figure (a) and (b) are for a CRDC on silica substrate with ^2=200 nm, di=140 nm, 
D—100 nm, H=50 nm. Figure (c) and (d) are for a NCRDC on silica substrate with 
^2=540 nm, di—A80 nm, D=390 nm, H=75 nm, 5=30 nm. (a) and (c) are for partial 
dielectric filling of the cavity, and (b) and (d) are for complete filling. As shown in the 
schematics in each subplot, yellow represents gold, gray is for dielectrics and white is for 
vacuum. The dielectric permittivities are e=l (black), e=2.25 (red dotted) and e—A (blue 
dash-dotted). 
Lastly, we examine the sensitivity of the plasmon resonance spectrum of both the 
CRDC and NCRDC to changes in the refractive index in the gap region between disk 
and ring, where small molecules are expected to concentrate because of strong gradient 
forces induced by plasmons. As the hybridization between the individual disk and 
ring modes, and the Fano interference phenomenon, are likely to be strongly affected 
by molecular screening, a high LSPR sensitivity of the respective spectral features, 
expressed either in nm/RIU or the figure of merit (FOM) introduced by van Duyne 
and co-workers [21], can be expected. As shown in Figure 6.24, significant redshifts 
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of the DBR, DAR, and Fano-feature occur for CRDCs and NCRDCs, respectively, if 
either the whole gap region or only a part is filled with a dielectric medium. The LSPR 
shifts of the DBR mode for CRDC are respectively 97 nm/RIU and 357 nm/RIU for 
a partial and complete dielectric filling cavity. The corresponding FOMs are 0.73 and 
2.2 for partial and complete filling. For the DBR mode of the NCRDC the LSPR 
shifts are 331 nm/RIU for partial filling and 1116 nm/RIU for complete dielectric 
filling of the cavity. The the FWHM for the DBR in the NCRDC is 0.0669 eV, giving 
FOMs of 0.72 for a partially filled cavity and 1.9 for a completely filled cavity. As 
defined in previous work[15], the FWHM for the Fano resonance in the NCRDC is 
0.072 eV. The corresponding LSPR shift and FOM are 129 nm/RIU and 0.95 for 
partially filled cavity, and 534 nm/RIU and 3.2 for a completely filled cavity. Even 
larger LSPR shifts and FOMs can be obtained for a better optimized NCRDC [15]. 
It is noteworthy to point out that only partially filling the gap of the CRDC (a) 
also leads to the appearance of a Fano-interference feature due to the associated 
break in symmetry. Rather than a mere shift of the extinction DAR extinction peak, 
this drastic change in lineshape might be very amendable for LSPR sensing purposes. 
Lastly we point out that spectral shifts of similar magnitudes were found for refractive 
index changes occuring in a nanometric layer covering the whole structure, rather 
than the spatially smaller gap region. For the CRDC, as expected such homogeneous 
coverage did not induce a Fano resonance, as no symmertry breaking occurs. 
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6.3.3 Conclusions 
Concentric and non-concentric plasmonic disk/ring nanocavities constitute a re-
warding physical implementation of classical oscillator systems exhibiting subradiant 
and superradiant plasmon resonances. In systems with broken symmetry, additional 
Fano-type interference phenomena appear due to interactions of higher order modes 
with the broad dipolar continuum. The high amount of field localization and associ-
ated enhancement in the nanogap region inside the cavity result in an exceptionally 
high sensitivity of the resonant features with local refractive index, which together 
with the large amount of spectral tunability from the visible to the mid-infrared makes 
these cavities a promising platform for surface enhanced molecular sensing. 
Chapter 7 
Conclusion 
In the thesis, we have theoretically investigated optical properties of some complex 
noble metal nanostructures with both Plasmon Hybridization and Finite-Difference 
Time-Domain method. 
For structures that can be simplified and expressed in curvilinear forms, the plas-
mon eigenstates are solved strictly with the Lagrangian dynamic formulism of Plas-
mon Hyridization. Just like molecular electronic structure theory, "wavefunctions" 
of plasmons associated with each curvilinear surface interact and hybridize with each 
other to form the final plasmons states of the entire structure. We applied this analyt-
ical formulism studying the plasmonic couplings of a nanosphere with a infinite cylin-
drical nanowire. Our results show the existence of Virtual States (VS) coming from 
the interactions of continuum of wire plasmons with the discretized sphere plasmon, 
which is a straightforward mapping of the Multi-channel Anderson impurity model in 
the plasmonic world. This finding pointed out a general approach to couple electro-
magnetic radiation into the nonradiative SPs on nanowires using the nanoparticle as 
an antenna. Several recently performed experiments took advantage of our approach 
to utilize wire plasmons for waveguidings, local and remote SERS[153, 154, 155, 156]. 
As for structures with more complicated geometries, the Plasmon Hybridization 
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can not be applied directly. On the other hand, numerical algorithms such as FDTD 
are able to calculate the electromangetic fields and optical spectra for arbitrary com-
plex nanostructures by solving Maxwell's equations in gridded space, but no intutive 
physics and understandings are provided. We extended the concept of Plasmon Hy-
bridization to analyze the calculated results by numerical approaches. The procedure 
is normally as follows. The analyzed structure is firstly decomposed into several con-
stitute parts, and then FDTD or other numerical approaches are used to calculate for 
each individual component and the entire structure. By analyzing the optical spectra 
and examing the electric field or charge distributions at the plasmon eigenfrequencies, 
we could derive the nature and origin of the plasmons for the whole structure. 
Our first trial was on a star-shaped gold nanoparticle, which showed its scattering 
spectrum is characterized by multiple resonances, and their intensities depend heavily 
on the polarization direction of the incident light. By decomposing the nanostar into 
a group of tips and the central core, our analysis show each plamson resonance in the 
spectrum is associated with one or more tips of the nanostar, the allignment of these 
tips to the polarization determines the peak height of the corresponding plasmon. 
These polarization-dependent tip plasmons hybridize with the central core plasmon 
to form the final states of the nanostar. 
We focused our attentions on ring-shaped nanostructures in the latter part of the 
thesis. We showed for rings with sizes comparable with the incident wavelengths, 
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the higher order multipolar plasmons of the ring become excitable as the incidence 
of light is tilted from normal to oblique angles. We also studied a highly tunable 
cavity structure consisting of a ring and a disk. Its plasmons are the hybridization 
results of the parent ring and disk plamons. For concentric combination of them, 
two charateristic plasmons are formed by the interactions of the dipolar plasmons 
of the constitutes. They are respectively a low energy bonding plasmon with sharp-
ened lineshape, which we named as subradiant mode, and a high energy antibonding 
plasmon with a broadened superradiant resonance. As the symmetry is broken by 
offsetting the axises of the disk and ring, the induced coupling between the dark mul-
tipolar plasmons with the dipolar plasmons rendered some Fano-type resonances on 
the broad superradiant peak. This is in analogy with the EIT phenomenon in atomic 
physics. The high quality of the subradiant and the Fano resonance suggested the 
ring/disk nanocavities are good candidates for LSPR sensing substrates. 
Appendix A 
Derivation of the sphere/wire plasmon Lagrangian 
According to Plasmon Hybridyzation Method[28], We start with the scalar func-
tion r) which satisfies Laplace equation V2?? = 0 . For an infinite long cylindrical wire, 
the solution to the Laplace equation could be written as: 
V = 7 ^ 2 E /dkAk>m,eikzeim'0'lml(kp) (A.1) 
\Z7T) rn< J 
where p,<j>',z are the cylindrical coordinates defined along the wire. The deformation 
produces suface charge distribution: 
° = T A ^ E /dkAk,m,eikzeim'*'kim.(kp) (A.2) 
By applying the expansion of \/\x — x'\ in cylindrical coordinates, 
1 1 °° foo 
—— = - J2 / d*e te<^>e*<*-*>Im(|*|p<)/UI*|P>) (A.3) 
\x ~ x I ^ m=-ooJ-°° 
and assuming the radius of the wire is a,We could get the potential induced by the 
charge distribution on the surface of the wire. 
$ = [adz'dfi—^— 
J \x — x'\ 
= [adz'dfi-^noeY, f dkAk,meikz'eim*'kim(ka) 
x - V fdk'^'^^e^'-^Imilk'l^K^dk'lp) 
= — T f dkAkmkaim(ka)T I dk'eiml4leiklzIml{\k'\a)Kml{\k'\p)6{k - k')5(m - m') 
* m J '
 m>
 J 
= — £ / dkAk>rn,kaim,(ka)Im,(\k\a)Km,(\k\p)eim'*eikz (A.4) 
7T , J 
the kinetic energy is described as: 
T = n0me 
2 
n0me 
jr)*Vr)dS 
J adzd4>-^~ Y J dkAlme-ikze-im*Im{ka) 
x
 7 A 2 E ldk'Ak,,m,eik'zeim'*k'irn,{k'a) 
=
 " V 1 Y, / dk^*k,mIm{ka)7—rr V / dk' Ak, m,kra/m,(fc''a)6(k - k')8{m - m') 
2
 m J I2?!") m' J 
=
 " T * (2TT)2 ^f./"dkAl,m'kaIml{ka)im,{ka) (A.5) 
and the self-interaction energy of the wire is: 
V 
(n0e)2 
= / adzdcj)-
= J adzdt^f- Y J dkAlime-ikze-im*kim(kp) 
x Y, f dk'Ak,m<k'aiml(k'a)Iml(\k'\a)Km,(\k'\p)eik' 
Y J dkA\m,{kaim:{ka))2Iml{\k\a)Kmf{\k\a) 
z Jim 1 
(npe)2 
2TT 
So the Lagrangian of a infinite long cylindrical wire can be written as: 
(A.6) 
Lw = T-V 
=
 0/0 \2 H / dk(kalm>(ka)im<(ka)) 
itm, - ulBkaimika)^^Km,(\k\a)Alm, 
imi\Ka) 
(A.7) 
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where U>0B = J*ine2no/me is the bulk plasmon frequency. 
We have already known that for a single nanosphere with radius of R, the La-
grangian is Ls = ^ ^ J2i,m(^i,m ~ ^.i^tm) -and t n e charge distribution is aa = 
ns^YLi,m V^Si>mYijrn{Q) .Joining with (A.4),we could derive the plasmon interaction 
energy of a single wire and a single sphere: 
Vi = ^f R2sm9d9d<pa*s<!> 
£ E / dkVlRkaim,(ka)Im,(\k\a)C$™'S*lmAkm, (A.8) 
l.m m' 
n$n0e
2 
2TT 
where 
C%' = JSm9d0d<f>YCn(n)Km,(\k\p)eim'(t''eikz (A.9) 
9, <fi is spherical coordinates for the nanosphere, and p, 4>', z is cylindrical coordi-
nates for the nanowire.Suppose the distance between the centers of the sphere and 
the wire is D . the cylindrical coordinates of the wire could be transformed into the 
spherical coordinates by: 
p= / D 2 + (R sin Of + 2DR sin 9 cos 0, 
.. . ,i?sin#sin0 0 = arcsin( ), 
r 
z = Rcos9 (A. 10) 
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Then Cf™' could be then calculated numerically. 
After renormalising the plasmon amplitudes in the Lagrangian, 
A I 2 27T 
n
o™e y/kalm>(ka)lm,(ka) 
Sim -> yp-Slm (A.11) 
V nsme 
we obtained the Lagragian of the sphere/wire system shown in Eq. (2.4): 
L — z2(Sim - uslSlm) 
l,m 
+ E / dk(Akm, —u!km,Akm,) 
m' 
~ E E /'WZT''StmAkm' (A.12) 
where 
l,m m' 
.2 _ , , 2 ,„„r H^\Im'(\k\a) 
ukm> = u0BkaIm>(ka) I Km\\k\a) 
Vkm' = UQBUSB^kaiml{ka)Im,{\k\a) ckm, ,^ _ 
2vr
 Jkaim>(ka)Iml(ka) 
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